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Abstract
Inflammatory responses play a key role in many neural pathologies, with localized signaling from nonimmune cells making critical contributions. The NLRP3 inflammasome is an important component of
innate immune signaling and can link neural insult to chronic inflammation. Stimulation of the NLRP3
inflammasome is a two-stage process. The priming stage involves upregulation of the biosynthesis of the
structural components while activation results in their assembly into the actual inflammasome complex
and subsequent activation. The priming step can be rate limiting and can connect insult to chronic
inflammation but our knowledge of the signals that regulate NLRP3 inflammasome priming in sterile
inflammatory conditions is limited. This study examined the link between mechanical strain and
inflammasome priming in neural systems. Transient non-ischemic elevation of intraocular pressure (IOP)
increased mRNA for inflammasome components IL-1β, NLRP3, ASC, CASP1 and IL-6 in rat and mouse
retinas. The P2X7 receptor was implicated in the in vivo mechanosensitive priming of IL-1β and IL-6
transcription and translation. In vitro experiments with optic nerve head astrocytes demonstrated
enhanced expression of the IL-1β and IL-6 genes following stretching or swelling. The increase in IL-1β
expression was inhibited by degradation of extracellular ATP with apyrase, blocking pannexin
hemichannels with carbenoxolone, probenecid or 10Panx1 peptide, P2X7 receptor antagonists (BBG,
A839977 or A740003) as well inhibition of the NFκB transcription factor with Bay 11-7082. The swellingdependent fall in expression of the NFκB inhibitor IκB-α was reduced by treatment of cells with A839977
and in P2X7 knockout mice. In summary, our data suggest that mechanical trauma to the retina results in
priming of the NLRP3 inflammasome components and upregulated IL-6 expression and release. This was
dependent upon ATP release through pannexin hemichannels and autostimulation of the P2X7 receptor.
Since the P2X7 receptor can also trigger inflammasome activation it appears to have a central role in
linking mechanical strain to neuroinflammation.
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ABSTRACT
P2X7 receptor primes IL-1β and the NLRP3 inflammasome
in astrocytes subjected to mechanical strain
Farraj Albalawi
Claire H. Mitchell, Ph.D.

Inflammatory responses play a key role in many neural pathologies, with
localized signaling from non-immune cells making critical contributions. The
NLRP3 inflammasome is an important component of innate immune signaling
and can link neural insult to chronic inflammation. Stimulation of the NLRP3
inflammasome is a two-stage process. The priming stage involves upregulation
of the biosynthesis of the structural components while activation results in their
assembly into the actual inflammasome complex and subsequent activation. The
priming step can be rate limiting and can connect insult to chronic inflammation
but our knowledge of the signals that regulate NLRP3 inflammasome priming in
sterile inflammatory conditions is limited. This study examined the link between
mechanical strain and inflammasome priming in neural systems. Transient nonischemic elevation of intraocular pressure (IOP) increased mRNA for
inflammasome components IL-1β, NLRP3, ASC, CASP1 and IL-6 in rat and
iv

mouse

retinas.

The

P2X7

receptor

was

implicated

in

the

in

vivo

mechanosensitive priming of IL-1β and IL-6 transcription and translation. In vitro
experiments with optic nerve head astrocytes demonstrated

enhanced

expression of the IL-1β and IL-6 genes following stretching or swelling. The
increase in IL-1β expression was inhibited by degradation of extracellular ATP
with apyrase, blocking pannexin hemichannels with carbenoxolone, probenecid
or
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Panx1 peptide, P2X7 receptor antagonists (BBG, A839977 or A740003) as

well inhibition of the NFκB transcription factor with Bay 11-7082. The swellingdependent fall in expression of the NFκB inhibitor IκB-α was reduced by
treatment of cells with A839977 and in P2X7 knockout mice. In summary, our
data suggest that mechanical trauma to the retina results in priming of the
NLRP3 inflammasome components and upregulated IL-6 expression and
release. This was dependent upon ATP release through pannexin hemichannels
and autostimulation of the P2X7 receptor. Since the P2X7 receptor can also
trigger inflammasome activation it appears to have a central role in linking
mechanical strain to neuroinflammation.
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Chapter 1 : Introduction
Mechanical strain can induce complex pathological changes in many anatomic
compartment of the body including epithelium, bone, cartilage and neural tissue
(Corps et al., 2015; Heppner et al., 2015; Le Guen et al., 2016; Xiao et al., 2016).
These changes can lead to several disorders such as atherosclerosis (Quigley
and Addicks, 1980), temporomandibular joint (TMJ) disorders (Balaratnasingam
et al., 2007), periodontal diseases (Liu et al., 2017), traumatic brain injury (TBI)
(Lau et al., 2006), encephalitis (Kumar et al., 2009) and glaucoma (Sigal and
Ethier, 2009) amongst others. In several acute and chronic disorders,
inflammatory signaling is increasingly recognized as contributing to pathology.
However, the exact mechanism through which mechanical strain leads to
inflammation is still not fully understood. Thus, we hypothesized that purinergic
signaling pathways link mechanical strain to inflammatory signaling. In particular,
the mechanosensitive release of ATP and autostimulation of P2X7 receptors play
a key role in priming the NLRP3 inflammasome. While these studies were carried
out in an effort to expand the existing knowledge regarding inflammatory
signaling in glaucoma, the findings have wider-ranging implications. By
extension, the results can be used to explain the ability of mechanical strain to
induce sterile chronic inflammation throughout the body in general and the
stomatognathic system in particular.
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“Inflammation is generally defined as a response to infection, tissue injury or
tissue stress that aims to restore homeostasis” (Tehrani et al., 2014). Microbes
interact with receptors of the innate immune system to induce an inflammatory
response that eradicates the microbe and induces protective immunity. On the
other hand, inflammation triggered by sterile tissue stress or injury aims to repair
the damaged tissue and adapt to the stress leading to restoration of homeostasis
(Medzhitov, 2008). Therefore, depending on the trigger, inflammatory responses
have different physiological purposes and when uncontrolled, potential
pathological consequences. Several studies have focused on the inflammatory
response to microbial infection (e.g. (Gianchecchi and Fierabracci, 2015;
Jimenez-Dalmaroni et al., 2016; Rhee, 2011; Takeda and Akira, 2004), yet less
is known about the signaling pathway and inflammatory mediators of sterile
inflammation especially in the central nervous system (CNS).
Mechanical strain is frequently associated with changes in purinergic
signaling, with ATP release associated with cell swelling and stretching (Corriden
and Insel, 2010; Praetorius and Leipziger, 2009). Purinergic signaling has been
implicated in regulating the production of multiple inflammatory cytokines by a
variety of cell types. For example, IL-6 has been shown to be regulated by ATPmediated activation of purinergic receptors in fibroblasts (Inoue et al., 2007),
macrophages (Hanley et al., 2004) and microglia (Shieh et al., 2014). IL-1β
release and inflammasome activation is closely linked to P2X7 receptor
stimulated by ATP in non-neural cells (Ferrari et al., 2006; Franceschini et al.,
2

2015; Gombault et al., 2012). In both cases, the signals leading to IL-6 release or
inflammasome priming, which is required before IL-1β release, are not well
understood, particularly in sterile inflammation. Since chronic inflammatory
conditions in CNS may involve pathways activated by mechanical strain, the goal
of this study was to determine the mechanism through which mechanical strain
leads to priming of the inflammasome and enhanced expression of IL-6,
The master proinflammatory cytokine IL-1β is released after priming, assembly
and activation of the inflammasome, which is a component of the innate immune
system. The innate immune system is specialized to perform receptor-mediated
surveillance for microbial pathogens or tissue injury (Patel et al., 2017). This
system acts at the front line of the broader immune response by sensing
pathogen-associated molecular patterns (PAMPs) and danger-associated
molecular patterns (DAMPs) via pattern-recognition receptors (PRRs). PAMPs
are associated with external pathogens, while DAMPs are associated with hostderived molecules, and both can interact with and activate PRRs. The presence
of DAMPs such as mitochondrial DNA, uric acid, chromatin, ATP and β-amyloid
have been reported in CNS chronic inflammatory diseases, but their role is still
unclear (Martinon, 2008; Thundyil and Lim, 2015). PRRs are expressed by
several immune and non-immune cells, but in the CNS they are primarily
expressed by astrocytes, microglia and macrophages (Walsh et al., 2014). These
molecules are either membrane bound or located within the cytoplasm.
Membrane bound PRRs such as Toll-like receptors (TLRs) sense extracellular or
3

endosomally located signals, while the cytosolic receptors such as Nod-like
receptors (NLRs) sense intracellular signals and are involved in the assembly of
the inflammasome (Bezbradica et al., 2017; Walsh et al., 2014). The
pathogenesis of many sterile chronic inflammatory diseases including glaucoma
involve the inflammasome (Chi et al., 2015; Chi et al., 2014), but our knowledge
regarding the mechanism(s) that results in its priming is not well understood
(Figure 1.1).
Inflammasome structure:
The inflammasome concept was initially described in the early 2000’s by
Tschopp and colleagues when a crucial link between tissue injury, innate
immune response, and caspase 1-dependent responses was revealed (Martinon
et al., 2002; Martinon et al., 2000). The inflammasome is a cytosolic multiprotein
platform that enables the activation of pro-inflammatory caspases, mainly
caspase 1 (Figure 1.1) (Rathinam et al., 2012). Caspase 1 leads to the
maturation and release of pro-inflammatory cytokines and therefore to a strong
inflammatory response against infectious agents and physiological abnormality
(Man and Kanneganti, 2015). Inflammasome complexes have three main
components: a cytosolic pattern-recognition receptor, the enzyme caspase 1 and
an adaptor protein that enables the interaction between the two. The receptor is
a member of either the NLR family of proteins such as NLRP1, NLRP2 and
NLRP3 or a member of the pyrin and HIN domain-containing (PYHIN) family of
4

proteins, such as absent in melanoma 2 (AIM2) and interferon-inducible protein
16 (IFI16) (Man and Kanneganti, 2015).
The NLRs contain a carboxy-terminal leucine-rich repeat (LRR), nucleotidebinding domain (NBD) and variable amino-terminal domain that defines several
NLR subfamilies. There are several inflammasomes subfamilies, but the NLRP3
inflammasome is most well understood and regulates caspase 1 activation.
Therefore, our work focused on the NLRP3 inflammasome. The NLRP3 family is
recognized by its pyrin domain (PYD) in the amino-terminal region. Following
activation and oligomerization, NLRP3 recruit, via homotypic protein interactions,
the adaptor ASC (Apoptosis-associated speck-like protein containing a caspase
activation

and

recruitment

domain),

the

second

component

of

most

inflammasomes. ASC, which is composed of a (PYD) and a caspase activation
and recruitment domain (CARD), acts as an adaptor between the PYD of the
NLRP3 protein and the CARD of pro-caspase 1, the third component of
inflammasomes (Figure 1.2) (Agostini et al., 2004). Caspase 1 is produced from
the 45 kDa pro-caspase in the cytoplasm. Pro-caspase 1 is constitutively
expressed, but requires post-translational processing to form active 20 and 10
kDa forms of caspase 1 (Ho et al., 2014). Activation of caspase-1 occurs
following

assembly

and

activation

of

the

NLRP3

inflammasome,

and

subsequently leads to proteolytic activation of IL-1β and IL-18 within the
inflammasome protein complex.
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Figure 1.1 Inflammasome priming and activation.
NLRP3 inflammasome requires 2 signals to prime and activate, resulting in
activation of caspase 1 and subsequent maturation and release of IL-1β. A
priming signal, traditionally ascribed to a TLR activates the NF B dependent
transcription of pro-IL-1β and in some cases NLRP3 and IL-18. The second
signal involves the activation of the inflammasome. The P2X7 receptor is a
common trigger for the second step, with stimulation by extracellular ATP
triggering potassium ion (K+) efflux. Modified from (Choi and Ryter, 2014)

6

A. NLRP3 Inflammasome components

B. Domains structure

Figure 1.2 NLRP3 Inflammasome components.
A. The assembled NLRP3 inflammasome forms a wheel-like structure that has
3 components; the receptor NLRP3 protein, the adaptor protein ASC and the
enzyme caspase 1. Modified from (Hansson and Klareskog, 2011).
B. The receptor NLRP3 protein has a sensory component formed by the
carboxy-terminal leucine-rich repeat (LRR). Oligomerization of NLRP3 is
mediated by the nucleotide-binding domain (NBD). The pyrin domain (PYD) of
the receptor NLRP3 mediates protein–protein interactions between (PYD) of
the adaptor ASC. The caspase activation and recruitment domain (CARD)
mediate the protein–protein interactions of ASC with pro-caspase 1, which
also contains a (CARD). The recruitment of pro-caspase 1 into the
inflammasome induces cleavage of the pro-caspase1 into active subunits.
Modified from (Walsh et al., 2014).
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Inflammasome priming and activation:
In immune cells, the NLRP3 inflammasome signaling pathway is described as
a two-step process that uses two signals (Figure 1.1). The first step is priming,
which increases the level of the pro-IL-1β to suitable levels (Johansson, 1988),
and in some cases NLRP3 at the transcriptional and translational level
(Bauernfeind et al., 2009; Halle et al., 2008; Mariathasan et al., 2006). The
second step, activation, is much better understood. Basically, a signal triggers
the oligomerization and formation of the wheel-like inflammasome structure
(Figure 1.2) (Broz, 2015). This process is induced by a wide range of stimuli
including bacterial toxins, prokaryotic mRNA, crystalline materials, protein
aggregates, Ca2+ influx, mitochondrial reactive oxygen species (ROS),
mitochondrial DNA (mtDNA), ATP and efflux of K+ through the P2X7 purinergic
receptor (Bernier, 2012; Karmakar et al., 2016; Man and Kanneganti, 2015;
Mariathasan et al., 2006; Petrilli et al., 2007). The final outcome of NLRP3
inflammasome assembly is the proteolytic cleavage of cytosolic inactive pro-IL1β and pro-IL-18 into the mature inflammatory cytokines IL-1β and IL-18 by the
activated caspase 1 (Lamkanfi and Dixit, 2012; Martinon et al., 2002). The fact
that various stimuli lead to NLRP3 activation suggests that it acts as a general
sensor of cellular damage or stress (Figure 1.1).
In immune cells such as macrophages, priming of the NLRP3 inflammasome
can be accomplished by activation of receptors that signal via MyD88 (myeloid
8

differentiation factor 88) and TRIF (TIR-domain-containing adapter-inducing
interferon-β) or other NFκB activating pathways, including TLRs, Interleukin- 1
receptors (IL-1R), tumor necrosis factor receptor (TNFR) and Nucleotide-binding
oligomerization domain-containing protein 2 (NOD2)(Deguine and Barton, 2014).
In several species, the expression of both IL-1β and NLRP3 is transcriptionally
regulated (Broz et al., 2010) and thought to prime the inflammasome before it is
activated by a second stimulus. TLR4 ligands, such as lipopolysaccharide (LPS),
are commonly used to study priming of the NLRP3 inflammasome and
upregulate IL-1β and NLRP3 expression (Bezbradica et al., 2017). Many sterile
chronic inflammatory diseases involve inflammasome activation. However, our
knowledge concerning the mechanism that leads to its’ priming in the absence of
signals associated with microbial pathogens is limited. Non-immune cells such as
neurons and astrocytes have been shown to be involved in immunologic
reactions and to release inflammatory cytokines (Choi et al., 2014; Lim et al.,
2016). Thus, their inflammasome priming may have a different signaling pathway
relative to that of immune cells. Unraveling the priming process in these cells will
therefore have significant implications regarding our understanding of sterile
chronic inflammation.
When the inflammasome is primed and activated the final products are mature
IL-1β and IL-18. IL-1β is a part of IL-1 family, which is a central player in the
inflammatory cascade. IL-1 has two isoforms, IL-1α and IL-1β, which both bind to
the same receptors and are biologically active (Hattori and Gouaux, 2012). IL-1β
9

is produced as 31 kDa precursors within the cell; this precursor form remains
within the cell and cleaved to its mature active form through the action of the
active caspase 1 from the NLRP3 inflammasome. IL-1β is only active once it is
cleaved to its 17 kDa mature form. IL-1β has been the focus of numerous studies
due to its highly pro-inflammatory effect, especially in humans (Dinarello, 2011).
and has been implicated in a variety of CNS pathologies including stroke,
traumatic brain injury and spinal cord injury (Walsh et al., 2014).
IL-18 is also a member of the IL-1 family and can mediate inflammatory
reactions and the host response to infection (Dinarello, 2002, 2007). Unlike IL-1β,
IL-18 is constitutively produced as a precursor protein in several cell types
(Dinarello, 2007). Pro-IL-18 is cleaved by caspase 1 to form mature active IL-18,
which is released along with mature IL-1β. LPS signaling can prime IL-18 above
baseline levels, but another stimulus is needed to activate the inflammasome and
lead to the release. While IL-1β priming is crucial for its processing and release,
the role of IL-18 priming is not well understood, perhaps related to its constitutive
expression (Dinarello, 2007; Ferrari et al., 2006).
The biological activities of IL-1β, IL-18 and pyroptosis are largely beneficial to
the host during an infection. IL-1β and IL-18 have a wide range of effects on their
target cells via induction of distinct signal transduction pathways. IL-1β activates
NFκB, resulting in upregulation of several gene products in the inflammatory
process, such as, IL-6, cyclooxygenase-2 (COX-2), chemokines, and cellular
10

adhesion molecules (Arulkumaran et al., 2011; Dinarello, 2002). IL-18 induces
enhanced production of interferon gamma (IFN- ) and upregulates IL-6, and IL-8
through activation mitogen-activated protein kinase (MAPK) pathway (Lee et al.,
2004). In synergy with cells of the immune system the beneficial result is
eradication of the microbial pathogen. However, IL-1β and IL-18 induced by
endogenous danger signals can also trigger sterile inflammation, a risk factor for
the development of autoinflammatory and neuroinflammatory disorders and
metabolic diseases (Man and Kanneganti, 2015). This priming signal can be the
rate-limiting step in inflammatory responses and may connect the initial insult to
situations of sterile chronic inflammation associated with traumatic brain injuries
and glaucoma.
While the NLRP3 inflammasome proteolytically cleaves IL-1β and IL-18, IL-6
release does not necessarily require inflammasome activation. This pleiotropic
cytokine belongs to the IL-6 family and interacts with cells through either
glycoprotein 130 (gp 130) (Heinrich et al., 2003) or the soluble IL-6 receptor
(Chalaris et al., 2007). Janus Kinase (JAK), signal transducers and activators of
transcription (STAT) and the MAPK cascade, are all known to be activated by IL6. These molecules and pathway mediate several physiological and pathological
conditions in the CNS (Scheller et al., 2014; Tsakiri et al., 2008). IL-6
upregulation has been confirmed in multiple neuroinflammatory conditions,
including traumatic brain injury (TBI) and spinal cord injury, with levels of IL-6
correlating with pathological progression of the conditions (Guptarak et al., 2013;
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Kumar et al., 2015; Yang et al., 2013). In addition, IL-6 has been detected in
patients with chronic glaucoma and in a glaucoma model with IOP elevation
(Chen et al., 1999; Johnson et al., 2011; Zenkel et al., 2010).
While IL-6 is traditionally known as a proinflammatory cytokine, it can also
induce neurogenesis and protect neural cells after damage (Erta et al., 2012;
Penkowa et al., 2003). IL-6 increases both the number and length of neuronal
processes from isolated retinal ganglion cells (Chidlow et al., 2012) protects
retinal ganglion cells from pressure-induced cell death in vitro (Sappington et al.,
2006). While these observations suggest IL-6 has an important role in response
to increased pressure, the signaling mechanisms linking the mechanical strain to
the IL-6 response are not well understood.
Mechanical strain and inflammation:
Mechanical strain can be translated into important physiological signals, but
overstimulation of these pathways can induce complex pathological changes to
neural tissue via inflammation (Corps et al., 2015; Heppner et al., 2015). For
example, stretching neurons in a model of traumatic brain injury leads to
apoptosis (Lau et al., 2006). In encephalitis, which involves elevated intracranial
pressure (Kaushik et al., 2012; Kumar et al., 2009) the inflammatory reaction is
mediated by the inflammasome and IL-1β (Tamai et al., 2017). Similarly, in
glaucoma, increased intraocular pressure (IOP) produces complex mechanical
deformations that contribute to glaucomatous optic neuropathy (Sigal and Ethier,
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2009). The pathological changes in glaucoma occur in what is usually considered
a sterile environment. As such, glaucoma provides an ideal model to examine the
relationship between strain, purines, and inflammasome priming in neural tissue.
Previous work suggests that the NLRP1/NLRP3 inflammasomes and production
of IL-1β play a critical role in cell death in mouse models of acute glaucoma with
high levels of IOP that induce ischemia (Chi et al., 2015; Chi et al., 2014). While
this indicates a possible link between mechanical strain and inflammasome
involvement in neuronal inflammation, the model makes it difficult to separate the
complex effects of ischemia from those due to mechanical strain resulting from
more modest IOP elevations representative of most forms of glaucoma.
“Glaucoma is the second most common cause of blindness” (Resnikoff et al.,
2004), affecting approximately 80 million people worldwide (Plantinga et al.,
2013). It is a group of ocular disorders sharing a characteristic neuropathy of the
optic nerve, with the most common risk factor being an elevation of the IOP. The
elevation in IOP is most commonly associated with a block in the drainage of
aqueous humor through the trabecular meshwork. Since the eye is a relatively
closed system, this increased resistance to drainage leads to an increase in IOP
(Casson et al., 2012). In patients with glaucoma and in experimental glaucoma
models where IOP is elevated, an inflammatory response including activation of
the complement system and upregulation of TNF-α (Plantinga et al., 2013) and
IL-6 (Johnson et al., 2011; Lu et al., 2017), occurs at early stages of disease
progression. The physical strains produced by IOP elevation are focused at the
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optic nerve head (ONH) and in particular at the region of the lamina cribrosa
(Bellezza et al., 2003; Burgoyne, 2011; Sigal and Ethier, 2009). The optic nerve
head astrocytes that reside here have been identified as a critical intermediary in
the pathogenesis of glaucoma (Hernandez 2000; Downs et al. 2008).
Astrocytes are star-shaped glial cells that are the most abundant cell type in
the ONH and most parts of the brain. (Nedergaard et al., 2003; Tehrani et al.,
2014). Astrocytes are in contact with neurons and provide both metabolic and
structural support to neurons as part of normal physiology (Plantinga et al.,
2013). In addition, they can regulate synaptic transmission and can also release
gliotransmitters such as glutamate and ATP (Hamilton and Attwell, 2010).
Neuronal stress or injury can trigger a coordinated multicellular inflammatory
response that involves astrocytes as well as neurons and other CNS cells
(Liddelow and Barres, 2017). Astrocytes can undergo reactive hypertrophy of the
cell body and processes in response to these stimuli (Sofroniew, 2009). These
morphological changes are associated with changes in cytoskeletal proteins,
such as glial fibrillary acidic protein (GFAP) and actin (Ho et al., 2014). Recent
studies have shown that various insults to the CNS can elicit dissimilar reactive
astrocyte types each exhibiting distinct properties (Liddelow and Barres, 2017).
Axons in the ONH receive mechanical and biochemical support from
astrocytes that envelop axon bundles with their processes (Morrison et al., 2011).
Astrocytes are emerging as central mediators of mechanical strain and the ability
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of astrocytes to release ATP upon stretch or swelling has implications for
neuronal signaling in various regions. (Bennett et al., 2012; Darby et al., 2003;
Halassa et al.,2009; Ostrow and Sachs, 2005; Perez-Ortiz et al., 2008).
Astrocytes are mechanosensitive to stretch (Beckel et al., 2014) and optic nerve
head astrocytes are particularly well situated to examine the signals induced by
these forces. Elevated pressure in a closed system leads to a stretch of cells and
their membranes (Landsman et al., 1995). As glaucomatous eyes have both an
increase in baseline IOP and an increased magnitude of the daily IOP
fluctuations (Gao et al., 2012), optic nerve head astrocytes are subjected to
considerable mechanical stretch. Astrocytes from patients showed morphological
changes before marked loss of retinal ganglion cells (Lye-Barthel et al., 2013).
They have also been identified as contributing to the inflammatory response in
the glaucomatous eye (Johnson and Morrison, 2009) and have been implicated
in the damage to retinal ganglion cells in chronic glaucoma (Hernandez et al.,
2008; Morgan, 2000). Currently, the progression towards blindness can be
delayed mainly by reducing the IOP (Scemes et al., 2009). Therefore,
understanding how mechanical strain in the ONH is translated into inflammatory
signals by astrocytes is a major challenge in glaucoma research. Accumulating
evidence implicates a central role for purinergic signaling through ATP.
Purinergic signaling:
Throughout the body, mechanical strain triggers the release of the transmitter
adenosine triphosphate (ATP) from both neural and non-neural cell types
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(Burnstock, 1999; Grygorczyk et al., 2013). ATP was originally recognized as the
main metabolic fuel for cells. Burnstock subsequently identified ATP as
a neurotransmitter in nerves of the peripheral and central nervous systems
(Burnstock,

1972,

2009).

Later, the

discovery of

purinergic

receptors

demonstrated that ATP mediates autocrine and paracrine signaling actions via
receptors located on the plasma membrane (Burnstock, 1980, 2012, 2014). At
least one form of purinergic receptors is found on nearly every cell in the body.
The receptors are excited by ATP released into the extracellular space or
degraded into adenosine by ecto-ATPases.
Extracellular ATP is a possible candidate to link the elevated IOP in glaucoma
to inflammatory signaling in the retina and optic nerve. ATP is found to be
released with shear stress, stretch and swelling of the cells. The released ATP
has been postulated act as a “messenger” to induce cellular responses to
mechanical strain (Burnstock, 1999; Mitchell, 2001). It has been shown that
release of ATP can result in various physiological and pathological responses
such as cell death, volume regulation, pain, inflammatory responses and
neuroprotective signals (Lazarowski et al., 2003; Lu et al., 2015). Elevated
extracellular ATP was confirmed in mouse, primate and rat models of chronic
IOP elevation (Lu et al., 2015) and detected in the eyes of humans with chronic
glaucoma (Li et al., 2011) illustrating a clear link between increased IOP and
excessive ATP release in the retina.
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In astrocytes, ATP can be released by multiple pathways. Amongst these are
lytic release through a compromised plasma membrane as a part of programmed
cell death (Dahl, 2015), vesicular release by exocytosis (Silinsky, 1975) or
transport down an electrochemical gradient through ion channels such as
connexin hemichannels, pannexin hemichannels, maxi-anion channels and
CALMH1 channels (Cotrina et al., 1998; Iglesias et al., 2009; Liu et al., 2008;
Taruno et al., 2013). In astrocytes isolated from the optic nerve head, moderate
strain from stretch or swelling leads to a release of ATP through pannexin
hemichannels (Beckel et al., 2014). Expression of pannexin 1 is increased in vitro
by cell stretch and in vivo in a model of chronic intraocular pressure (IOP)
elevation, implicating ATP release in response to sustained mechanical strain.
Pannexin hemichannels include pannexin 1, 2 and 3 that are expressed in
both vertebrates and invertebrates (Panchin et al., 2000). Pannexins belong to
the family of mammalian gap junction proteins which include the connexin
channels in vertebrates and innexin channels in invertebrates. Despite the
difference in the amino acid sequence between the pannexin and connexin
hemichannels, they both have similar membrane topology: four transmembrane
domains (TMDs) with two extracellular loops with intracellular N and C termini
(Scemes et al., 2009). However, pannexin proteins have only two extracellular
cysteines and are extensively glycosylated on their second extracellular loop at
Asn254, preventing gap junction formation, while connexins have conserved
cysteine residues on their extracellular loops (Boassa et al., 2007; Boassa et al.,
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2008; Scemes et al., 2009). Pannexin 1 can conduct molecules up to 1 kDa in
size across the plasma membrane. As ATP and UTP are 507 and 484 daltons,
respectively, they can permeate the channel (Chekeni et al., 2010).
Pannexin hemichannels are mechanosensitive and can be opened by
application of negative pressure applied via a patch pipette (Bao et al., 2004).
This channel property could be the basis for the observed swelling-induced ATP
release in response to hypotonic stress in airway epithelial cells (Ransford et al.,
2009). In addition, swelling has been shown to activate pannexins in several cell
types, including neurons (Xia et al., 2012b) and astrocytes (Beckel et al., 2014).
Therefore, investigating the role of pannexins in inflammasome priming that
accompanies the mechanosensitive release of ATP is justified.
Extracellular ATP can induce physiological responses by binding to P2
purinergic receptors of which there are two major groups; ionotropic P2X
receptors and metabotropic P2Y receptors (Burnstock, 2004). P2X receptors are
found only in eukaryotes and are expressed throughout the human body
including the nervous, cardiovascular and immune systems. P2X receptors are
implicated in a wide range of physiological processes such as synaptic
transmission, muscle contraction, taste and inflammation (Burnstock and
Kennedy, 2011; Hattori and Gouaux, 2012; Surprenant and North, 2009).
Multiple P2X family subunits have been identified which form functional ligandgated ion channels as homo- and/or hetero-oligomeric protein complexes
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(Sperlagh et al., 2006). Within the P2X receptor family, P2X7 receptors are
known to have key physiological and pathological functions in the CNS because
of their widespread involvement in neuroinflammatory diseases (Sperlagh et al.,
2006).
The ATP-gated P2X7 receptor is a homotrimeric, non-selective cation channel.
The basic structure of the P2X7 receptor exhibits two transmembrane domains
(TM1, TM2), a large, glycosylated, cysteine-rich extracellular loop, a short
intracellular N- terminal domain and an intracellular C-terminal domain which is
longer than that of other P2X receptor subunits (Jiang et al., 2013; Sperlagh and
Illes, 2014). Pharmacologically, P2X7 receptors have a low sensitivity for ATP.
Unlike other members of the P2X receptor family, P2X7 receptors require
submillimolar to millimolar concentrations of ATP for activation. This is far greater
than the micromolar concentration required for other P2X receptors (EC50 of
ATP for P2X7 receptor = 2-4 mM and for other P2X receptors = 1–10 μM)
(Rodrigues et al., 2015 ; Soares-Bezerra et al., 2015). Moreover, they have a
higher affinity for 4-benzoyl-benzoyl-ATP (BzATP) than ATP (Klapperstuck et al.,
2001 ; Young et al., 2007). While the requirement for a high concentration of ATP
can limit activation, ATP release from pannexin hemichannels has been
proposed as a pathway for physiologic activation; if the pannexin channel is
adjacent to the P2X7 receptor, a release of fewer ATP molecules is required to
achieve the concentration necessary to activate the P2X7 receptor (Poornima et
al., 2012; Silverman et al., 2009).
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Stimulation of the P2X7 receptor by endogenous agonist ATP enables the
efflux of K+ and the influx of Ca2+, Na+, resulting in membrane depolarization.
This, in turn, can modulate multiple signaling pathways and alter the rate of
neurotransmitter release. Over-activation of P2X7 receptors can lead to
membrane blebbing and apoptotic or necrotic cell death (Bellezza et al., 2003;
Burgoyne, 2011; Pelegrin and Surprenant, 2006; Perregaux and Gabel, 1994;
Tsukimoto et al., 2006; Virginio et al., 1999). The role of the P2X7 receptor in
mediating apoptosis makes it a major target for therapeutic intervention for
neuroprotection and peripheral diseases. In addition, the P2X7 receptor is well
known for its ability to activate the NLRP3 inflammasome following the efflux of
K+ through its opened pore (Mariathasan et al., 2006; Petrilli et al., 2007). This
leads

to

IL-1β

and monocytes

release

primed

by

from macrophages, microglia,
LPS

(Ferrari et

al.,

dendritic

2006; Mingam et

cells
al.,

2008; Pizzirani et al., 2007 ; Takenouchi et al., 2009). However, it is currently
unclear if the P2X7 receptor also plays a role in priming the inflammasome. This
is crucially important as priming is often the rate-limiting step in chronic sterile
inflammation.
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Hypothesis
The NLRP3 inflammasome is a key component of the localized innate immune
system, leading to the cleavage and release of pro-inflammatory cytokines
(Rathinam et al., 2012). This cytoplasmic oligoprotein complex has been
implicated in neural disorders associated with mechanical strain or elevated
pressure (Walsh et al., 2014) including traumatic brain injury, encephalitis, and
glaucoma (Chi et al., 2015; Kaushik et al., 2012; Liu et al., 2013). We
hypothesized that, mechanical strain induced by IOP triggers release of
ATP through pannexin 1 hemichannels on optic nerve head astrocytes,
leading to autostimulation of the P2X7 receptors and priming of the NLRP3
inflammasome. Studies in this thesis have identified a novel role for the P2X7
receptor in priming the inflammasome. Thus, this represents and alternative
mechanism to the Toll-like receptor pathways traditionally associated with this
process.

The

demonstration

that

mechanosensitive

ATP

release

and

inflammasome priming occur in optic nerve head astrocytes may help delineate
the events that link mechanical strain to inflammatory signaling in glaucoma as
well as provide a paradigm for neuroinflammation that occurs in response to
other general types of mechanical strain in the nervous system (Figure 1.3).
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Figure 1.3 Hypothesized model
Model summarizing the hypothesized role of the P2X7 receptor in the priming
of inflammasome genes after mechanical strain. Membrane stretch leads to
ATP release through pannexin hemichannels. The resulting extracellular ATP
can autostimulate P2X7 receptors leading to NFκB activation and
transcriptional elevation of IL-1β and NLRP3 in optic nerve head astrocytes.
Swelling may also activate inflammasome genes through additional pathways.
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Introduction
Mechanical trauma can induce complex pathological changes to neural tissue
via inflammation (Corps et al., 2015; Heppner et al., 2015). While recruitment of
immune cells to the injured region can contribute, localized inflammatory
signaling between glia and neurons can also initiate or enhance inflammatory
damage. The NLRP3 inflammasome is a key component of the localized innate
immune system, leading to the cleavage and release of pro-inflammatory
cytokines (Rathinam et al., 2012), and it has been implicated in neural disorders
associated with mechanical strain or elevated pressure (Walsh et al., 2014),
including traumatic brain injury, encephalitis, and glaucoma (Chi et al., 2015;
Kaushik et al., 2012; Liu et al., 2013).
The involvement of the NLRP3 inflammasome is a two-step process. In the
first stage, referred to as the priming step, expression of inflammasome
components such as pro-IL-1β and NLRP3 is increased at the transcriptional and
translational level (Mariathasan et al., 2006; Patel et al., 2017). This priming
stage can be the rate-limiting step in inflammatory responses and may connect
the initial insult to chronic inflammation. During the second stage, inflammasome
components are assembled and activated, turning on caspase 1 which
subsequently catalyzes the maturation of cytokines IL-1β and IL-18 (Stutz et al.,
2009). This later step has been linked to efflux of K + through the P2X7 purinergic
receptor (Bernier, 2012; Karmakar et al., 2016; Mariathasan et al., 2006; Petrilli
et al., 2007), even for activation associated with lysosomal rupture (Zode et al.,
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2011), and can be mimicked by the K+ ionophore nigericin (Zode et al., 2015).
While activation of the NLRP3 inflammasome has been the subject of intense
investigation (e.g. (Freeman and Ting, 2016; Guo et al., 2015; Yilmaz and Lee,
2015), the signals leading to inflammasome priming are less well understood.
Standard models attribute priming to microbial molecules or other toll-like
receptor agonists that are rarely detected in sterile neural environments.
The central role of aberrant purinergic signaling in the neuropathology
triggered by mechanical strain has been outlined for the retina (Mitchell et al.,
2009). In astrocytes isolated from the optic nerve head, moderate strain leads to
a release of ATP through pannexin hemichannels (Beckel et al., 2014). This
released ATP then autostimulates P2X7 receptors on these astrocytes to
regulate cytoplasmic Ca2+ and other physiological responses. Expression of
pannexins is increased in vitro by cell stretch and in vivo in a model of chronic
intraocular pressure (IOP) elevation, consistent with a role for ATP release in the
neural response to sustained mechanical strain. Elevated extracellular ATP was
confirmed in primate, rat, and mouse models of chronic IOP elevation (Lu et al.,
2015) and detected in the eyes of humans with chronic glaucoma (Li et al.,
2011).
This study asks whether extracellular ATP release through pannexins and
autostimulation of the P2X7 receptor are involved in the priming of the NLRP3
inflammasome. The data are consistent with a role for the P2X7 receptor in
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priming IL-1β and NLRP3 in retina following activation of NFκB in optic nerve
head astrocytes. This identifies a new pathway for priming the inflammasome in
sterile neural environments subject to mechanical strain.
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Materials and Methods:
Animal care and use: All procedures were performed in strict accordance with
the National Research Council’s “Guide for the Care and Use of Laboratory
Animals” and were approved by the University of Pennsylvania Institutional
Animal Care and Use Committee (IACUC). All animals were housed in
temperature-controlled rooms on a 12:12 light:dark cycle with food and water ad
libitum. Long–Evans and Sprague Dawley rats (Harlan Laboratories/Envigo,
Fredrick, MD), and mice (C57BL/6J wildtype and P2X7-/-) of both sexes were
utilized. Both the wildtype C57BL/6J and the P2X7-/- B6.129P2-P2rx7tm1Gab/J
Pfizer mice were from Jackson Laboratories (Bar Harbor, ME). Tg-MyocY437H
mice provide a model of chronic glaucoma and were received as a gift from Val
Sheffield (Lu et al., 2015).
Model of moderate temporally-controlled intraocular pressure elevation: The
IOP was elevated in adult Sprague-Dawley rats as previously reported (Lu et al.,
2017) based on the Control Elevation of IOP (CEI) protocol developed by John
Morrison and colleagues (Morrison et al., 2010; Morrison et al., 2014). This
procedure enables the effects of increased pressure to be separated from cell
death to focus specifically on the consequences of mechanical strain. Pressures
were selected so that retinal blood flow was maintained and ischemia avoided;
studies suggest this protocol leads to minimal loss of neurons, and allows the
separation of pressure and cell death (Crowston et al., 2015; Lu et al., 2017).
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This model was therefore chosen to investigate the mechanosensitive priming of
the inflammasome in neural tissue in vivo.
After receiving 2 mg/kg meloxicam, rats were deeply anesthetized with 1.5%
isoflurane or intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10
mg/kg). After administration of proparacaine (0.5%) and tropicamide (0.5-1%),
one eye was cannulated with a 27-gauge shielded wing needle (Becton
Dickinson, NJ) inserted into the anterior chamber, connected to a 20ml syringe
filled with sterile phosphate buffered saline (PBS). IOP was increased to 50-60
mmHg by elevating the reservoir to the appropriate height; blood flow through the
retina was maintained throughout to avoid ischemic complications. The
contralateral eye without cannulation served as a normotensive control. After 4
hrs, pressure was returned to normal, the needle removed and 0.3% gentamicin
ointment or 0.5% erythromycin applied to the cornea. Rats were sacrificed 22 hrs
later and the retina, including the optic nerve head material, was dissected.
Experiments on mice were performed using procedures similar to those
described elsewhere (Crowston et al., 2015). Mice were anesthetized with 1.5%
isoflurane, and IOP was increased to 60 mmHg for 4 hours; pressure was then
returned to normal, the needle (33-gauge) removed and 0.5% erythromycin
applied to the cornea. Mice were either sacrificed 22 hrs later or immediately
(depending on the experiment), and the retina, including the optic nerve head
material, was dissected. In some experiments mice were sacrificed immediately
after the pressure was returned to normal (Figure 2.1).
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A. Rat eye with IOP elevated

B. Schematic time course

Figure 2.1 Model of moderate temporally-controlled intraocular pressure
elevation (CEI):
A. The anterior segment of the eye from an anesthetized Sprague Dawley
rat was cannulated with a 27 gauge needle. IOP was increased to 60
mmHg for 4 hrs without signs of ischemia by raising the reservoir
connected to the cannulating needle. B. Schematic of experimental time
course. IOP was elevated to 60 mmHg for 4 hours, and then pressure
was returned to normal. Mice and rats were sacrificed immediately or 22
hrs later and the retina, including the optic nerve head material, was
dissected.

29

Chronic glaucoma model: The Tg-Myoc mouse provides a model of chronic
glaucoma and was generated and initially characterized by Sheffield and
colleagues. A colony was established at the University of Pennsylvania. TgMyocY437H mice were bred with C56BL/6N mice and the offspring were genotyped
to identify those with the human transgene. Human Tg-MYOCY437H mutant
myocilin expressed in the trabecular meshwork led to ER stress, IOP elevation,
and loss of ganglion cell axons. IOP measured from genotyped littermates
indicated a significant elevation in IOP of Tg-Myoc mice (15.5 ± 0.5 mmHg vs.
12.2 ± 1.0 in WT controls, N=3, P=0.043), consistent with previous reports (Lu et
al., 2015).
Intravitreous injection: Intravitreal injections were performed in rat eyes under
a dissecting microscope using a micropipette connected to a microsyringe
(Drummond Scientific Co., Broomall, PA) as described elsewhere (Hu et al.,
2010). A glass pipette filled with P2X7 receptor antagonist Brilliant Blue G (BBG,
0.8%) dissolved in saline was passed through the superior nasal region of sclera
into the vitreous cavity, ~1 mm from the limbus, with a total volume of 5 µl
injected over a 30 sec time period. The antagonist was delivered 1-3 days before
IOP elevation. C57BL/6J wild type mice were injected with either P2X7 receptor
agonist Bz-ATP (2 µl, 250 µM) or sterile saline.
Astrocyte cell culture: Primary rat optic nerve head astrocyte cultures were
grown based on a protocol modified from Mandal et al. (Mandal et al., 2009). The
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optic nerve proximal to the sclera, defined as the optic nerve head, was obtained
from rat pups PD3-5 of both genders. This optic nerve head tissue was digested
for 1 h using 0.25% trypsin (Invitrogen), with periodic trituration to create a cell
suspension. Cells were washed once with Dulbecco’s modified Eagle’s medium
(DMEM)/F12 containing 10% of fetal bovine serum (FBS), re-suspended in
DMEM/F12, 10% FBS, 1% penicillin/streptomycin, and 25 ng/mL epidermal
growth factor (#E4127, Sigma-Aldrich), plated on 35mm culture dishes and
grown at 37˚C, 5.5% CO2. Cultures were found to contain >99% astrocytes, as
defined by glial fibrillary acidic protein (GFAP) immunofluorescence staining.
Cells were generally at passages 2 to 5 when used. Mouse optic nerve head
astrocyte tissue was collected from 3-month-old animals, due to the limited
material from the neonatal mice. C57BL/6J and P2X7 -/- mice of both genders
were prepared similarly to the rat protocol, but the optic nerve head tissue was
digested for only 35 min using 0.25% trypsin (Invitrogen).
Swelling isolated astrocytes: Rat and mouse optic nerve head astrocytes were
subcultured onto plastic 6-well plates and grown until confluent. Cells were
incubated in 2ml of control isotonic solution containing (in mM) 105 NaCl, 5 KCl,
4 NaHEPES, 6 HEPES acid, 1.3 CaCl2, 5 glucose, 5 NaHCO3, 60 mannitol and
0.25 MgCl2 pH 7.4) or in 30% hypotonic solution for 4 hours in the tissue culture
incubator. Cells were pretreated with inhibitors Bay 11-7082 (4µM) Brilliant Blue
G (BBG, 10 μM), A839977 (50 nM, Tocris Bioscience), A740003 (5 μM, Tocris
Bioscience), carbenoxolone (10µM, #C4790), Probenecid (1mM, #P8761) or
31

10

Panx1 and scrambled peptide (100µM, #3348 and #3708, Tocris Bioscience)

for 1 hr before adding test solutions. RNA was extracted immediately after the 4
hrs treatment.
In vitro stretch experiments: Isolated rat optic nerve head astrocytes were
plated on 6 well plates with 0.05 mm silicone substrates coated with collagen 1
(Flexcell biaxial six-well plate #BF-3001C, Flexcell International Corp.) for 6-7
days until confluent. After replacing medium with isotonic solution, cells were
exposed to mechanical cyclic tensile strain of 16% at 0.3 Hz for 4hrs in the tissue
culture incubator using a vacuum provided by the Flexcell FX-5000 Tension
System (Figure 2.2) (Flexcell International Corp.). Control cells were cultured and
grown under the same conditions on similar plates and kept in the same
incubator without mechanical stretching. RNA was extracted immediately after
stretch.
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A. Sample well
from the control
condition

B. Sample well with
stretch

Figure 2.2 Stretching wells of the Flexcell FX-5000 Tension System
A. Diagram of the silicon membrane in control condition (No stretch).
B. Diagram of the silicon membrane in stretch condition. In these
experiments astrocytes were exposed to cyclic tensile strain of 16% at
0.3 Hz for 4hrs. Modified from (Flexcell, 2011)

RNA isolation: RNA was extracted from astrocytes plated on six well plates or
whole retina including the optic nerve head by homogenizing in 1 ml TRIzol
reagent per sample (#15596026, Invitrogen). Samples were sonicated for 10 sec
on ice, then 200µl Chloroform was added to each sample, vortexed for 15 sec
and incubated for 5 min at room temperature. The samples were centrifuged at
1200g at 4˚C for 10 min then the upper aqueous solution (around 400-450µl) was
transferred to a new 1.5 ml tube. One volume of 70% ethanol was added to the
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solution, and the mix was transferred to an RNeasy spin column with a silica
membrane placed in a 2 ml collection tube RNeasy mini kit (#79254, Qiagen,
Inc., MD, USA). After adding the solution to the spin column, manufacturer
instructions were followed. Samples were treated with RNase free DNase set.
(#79254 Qiagen, Inc., MD, USA) to remove the remaining DNA. At the final step,
RNA was eluted with 30µl RNase free water. RNA concentration and purity were
assessed using a Nanodrop spectrophotometer (Thermo Scientific).
Quantitative PCR: cDNA was synthesized from 1µg of total RNA per reaction
using the High Capacity cDNA Reverse Transcription Kit (#4368814, Applied
Biosystems) at 25 °C for 10 min, 37 °C for 120 min and terminated at 85 °C for 5
min. The Quantitative Polymerase Chain Reaction (qPCR) was performed using
SYBR Green and the 7300 RealTimePCR system (Applied Biosystems Corp.),
starting with 50°C for 2 min and 95°C for 10 min, followed by 40 cycles at 95°C
for 15 sec and 60°C for 1 min, and concluding with 15 sec at 95°C, 60°C for 1
min and 95°C for 15 sec to ensure a single product on melting curves; 0.5µl of
cDNA was used per well, except for in vitro analysis of IL-1β in which 1.0 µl was
used. GAPDH expression did not differ between control and experimental
groups. To control for genomic DNA contamination, in addition to the DNase
treatment during the RNA isolation, PCR was also performed on samples from
reverse transcriptase reactions in without the enzyme. Any product from these
samples indicated a DNA contamination and results were excluded. All
experiments were performed in triplicate and data were analyzed using the delta34

delta Ct approach. As ΔCt= CtTarget - CtGAPDH, ΔΔCt= ΔCtexperiment - ΔCtControl and,
relative expression (RQ) = 2-ΔΔCt. Primers used are described in Table 2-1.
For the PCR gel used in genotyping, RNA was extracted from confluent wild
type and P2X7-/- mouse optic nerve head astrocytes and converted to cDNA as
above. The PCR amplification reaction included 10µl REDExtract-N-Amp PCR
Reaction mixture (# XNATS, Sigma-Aldrich) with 4 µl of the cDNA, 2 µl H2O and
2µl of the P2X7 receptor primer (10µM) (Table 2.1). cDNA was denatured at
94°C for 3 min, followed by 35 PCR cycles. Each consisted of three steps: 94°C
for 45 sec, 65°C for 1 min, and 72°C for 1 min. Final extension was set at 72°C
for 10 min. PCR products were detected by 1% (w/v) agarose gels using 100bp
DNA Ladder (#15628-019, Invitrogen).
Immunocytochemistry: Astrocytes were grown to 80% of confluence, fixed with
4% formaldehyde for 20 min at 25˚C, permeabilized with 0.1% Triton X-100 (BioRad, USA) for 15 min then blocked with 20% Superblock (ThermoFisher
Scientific Inc) in PBS with 0.1% Tween 20 (Bio-Rad, USA) (PBS/T) for 1 hour.
Coverslips were incubated with anti-GFAP monoclonal antibody (#MABH360,
1:250: Chemicon Int.) overnight at 4˚C, followed by donkey anti-mouse IgG
Alexa-Fluor 488 for 60 min (#A21202, 1:500; Invitrogen). For pannexin 1, cells
were incubated with goat polyclonal (#ab124131, 1:200, Abcam), followed by
rabbit anti-goat 594 nm. For P2X7 receptor staining, cells were incubated
overnight with rabbit polyclonal (#APR-008, 1:100, Alomone), followed by donkey
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anti-rabbit IgG Alexa Flour 488 for 1 hour (#A21206, 1:500, Invitrogen). Cells
were incubated with Alexa Fluor 568 Phalloidin (#A12380, 1:100; Invitrogen) for
15 min. After incubation with DAPI (#D9542, Sigma-Aldrich) for 10 min,
coverslips were washed and mounted using SlowFade Gold Anti-fade Media
(Invitrogen). Images were acquired using a Nikon Eclipse microscope (Nikon,
USA) and ImagePro software (MediaCybernetics). ImageJ was used to subtract
background, modify intensity and combine pseudocolored images, with parallel
processing for all images. Mouse astrocytes were stained with the anti-GFAP
monoclonal antibody used for rat cells.
For retinal sections, mice were transcardially perfused with 4% formaldehyde
in PBS. After enucleation, eyes were fixed with 4% formaldehyde overnight then
incubated in 30% sucrose for 2 h. Eyes were embedded in OCT compound
(Tissue-Tek #62550-1), cryosectioned at 9 µm and mounted on Colorfrost Plus
slides (ThermoFisher # 9991001). Sections were fixed with 4% formaldehyde for
10 min, permeabilized with 0.1% Triton-X-100 for 10 min, then blocked with 20%
Superblock with PBS/T plus 10% donkey serum. Sections were incubated in
5µg/ml IL-1β primary antibody (goat polyclonal antibody #AF-401-NA R&D
systems, Lot# NP2715111) and anti-GFAP monoclonal antibody (#MABH360,
1:250: Chemicon Int.) overnight at 4°C, followed by secondary donkey anti-goat
Alexa555-conjugated antibody (# A21432) and donkey anti-mouse IgG AlexaFluor 488 for 60 min (# A21432, #A21202, 1:500; Invitrogen). Images were
obtained as described above.
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Immunoblots: Whole retinas or astrocytes grown on 6 well plates were washed
twice with cold PBS and lysed in RIPA buffer containing 50 mM Tris-HCl, 150
mM NaCl, protease inhibitor cocktail (Complete; Roche Diagnostics, Germany),
1% Triton X-100, 0.1% SDS, and 10% glycerol. Sonicated samples were
centrifuged (14,000g, 10 min, 4°C) and quantified using a BCA Protein Assay
(Pierce/ThermoFisher). 10 to 20 μg of protein was loaded into each lane of 4–
15% Mini-PROTEAN® TGX™ Gel, 10 well, 50 µl (#4561084, Bio-Rad, USA).
Precision Plus Protein™ Dual Color Standards molecular weight ladder
(#1610374, Bio-Rad, USA) was run on each gel. After separation, proteins were
transferred onto Polyvinylidene difluoride membrane (PVDF) and blocked in PBS
with 0.1% Tween 20 (PBS/T) and 5% non-fat milk for 60 minutes at RT. PVDF
membranes were incubated overnight at 4°C with primary antibodies in PBS/T +
1% non-fat milk. Primary antibodies used were 0.25µg/ml IL-1β goat polyclonal
antibody (#AF-401-NA R&D systems, Lot# NP2715111) and IκBα rabbit
polyclonal antibody (#9242, 1:1000; Cell Signaling). PVDF membranes were
washed with PBS/T, then incubated with corresponding secondary antibodies at
1:5000 dilution in PBST + 1% non-fat milk: donkey anti-goat IgG-HRP (1:5000;
sc-2020, Santa Cruz Biotechnology) or Rabbit IgG, HRP-linked whole AB from
donkey (1:5000, #NA934, amersham Bioscience Corp.). Blots were developed
using a chemiluminescence detection kit (ECL detection system; Amersham
Biosciences Corp.) and visualized with the ImageQuant LAS 4100 imager and
Image Quant software (GE Healthcare Lifesciences).
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ATP measurement: Rat astrocytes were grown to confluence into whitewalled, clear-bottom 96-well plates (#3610, Corning Inc.). The border wells were
avoided and treatments were randomized across the plate (Figure 2.3). Growth
medium was replaced with isotonic solution and cells were allowed to recover for
30 min at 37°C before measurements were taken. A bioluminescent
luciferin/luciferase assay was used to measure ATP levels (Reigada et al., 2005).
The ATP mix Luciferin/Luciferase (#FLAAM, Sigma-Aldrich) was stored frozen as
a stock solution with 450 μl of control solution/50 μl of dH 2O per vial and diluted
20-fold in isotonic solution. Each well contained 20 μl of the assay with 50 μl
isotonic base and 30 μl of either isotonic, dH2O, dH2O with Apyrase (1U/ml,
A6535; Sigma-Aldrich) or 10µM carbenoxolone to achieve 30% hypotonic.
Isotonic solution was removed from the cells, and prepared mixes were added to
the cells carefully. ATP was then quantified using the Luminoskan Ascent
luminometer (ThermoFisher), integrating over 200 ms and sampling in
succession every 10 s for 18 min at 25°C. The ATP released was calculated at
the different time points indicated in the results with the use of a standard curve
to transform the arbitrary light units to an ATP concentration, then normalized to
mean levels for isotonic solution.
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A. Randomization of groups

B. ATP measurement
design

Figure 2.3 ATP measurements
A. Layout of 96-well plates. The treatment groups were randomized
across the plate and the borders wells were avoided
B. Each well contained 20 μl of the assay, with 50 μl of isotonic base and
30 μl of either isotonic, dH2O, dH2O with Apyrase or 10µM
carbenoxolone added to achieve 30% hypotonic.

Data Analysis: Data are reported as mean ± SEM. Analysis was performed in
a masked fashion whenever possible. Statistical analysis used a 1-way ANOVA
with post-hoc Holm-Sidak (all pairway) method, student t-test, or paired t-test
when appropriate. Analyses were performed using Systat Software Inc. (San
Jose, CA). Sample size was predicted by power analysis, and numbers take into
account a 15% failure rate in animal experiments. Sample sizes are consistent
with those reported in similar studies and provide sufficient power to detect
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changes. When data were not normally distributed analysis were performed on
ranks. Results with p<0.05 were considered significant.

Table 2-1 Primers used for qPCR of NLRP3 Inflammasome-related genes
Gene Name

GenBank
Accession

Forward Primer (5' to 3')

Reverse Primer (5' to 3')

Rat IL-1β 1

NM_031512.2

GGGATTTTGTCGTTGCTTGT

CTGTGACTCGTGGGATGATG 211

Rat IL-1β 2

NM_031512.2

CACCTCTCAAGCAGAGCACAG

GGGTTCCATGGTGAAGTCAA
83
C

Rat NLRP3

NM_001191642 CCATGAGCTCCCTTAAGCTG

TTGCACAGGATCTTGCAGAC 283

Rat CASP1

NM_012762

TATGGAAAAGGCACGAGACC

CAGCTGATGGACCTGACTGA 137

Rat ASC

NM_172322.1

CCCATAGACCTCACTGATAAAC AGAGCATCCAGCAA ACCA

Rat IL-18

NM_019165.1

GGACTGGCTGTGACCCTATC

NM_008361.4

GAAGATGGAAAAACGGTTTG

Mouse IL-1β
1
Mouse IL-1β
2
Mouse
NLRP3
Mouse
CASP1

NM_008361.4
NM_145827.3

Size (bp)

260

TGTCCTGGCACACGTTTCTG 152

GTACCAGTTGGGGAACTCTG
85
C
CAAGCTTCCTTGTGCAAGTGT AGGACAGCCCAGGTCAAAG
161
CTG
GTT
AGAGCCTACAGTTGGGTGAAA CCACGCCTACCAGGAAATCT
116
TG
C

NM_009807.2

TGGTCTTGTGACTTGGAGGA

TGGCTTCTTATTGGCACGAT 172

NM_023258.4

GGAGTCGTATGGCTTGGAGC

CGTCCACTTCTGTGACCCTG 204

Mouse IL-18 NM_008360.1

CAGTGAACCCCAGACCAGAC

TGTTGTGTCCTGGAACACGT 212

Mouse ASC

Mouse
P2X7R

NM_001284402
TGGAACCCAAGCCGACGTTGA CTCGGGCTGTCCCCGGACTT 250
.1

Mouse Bax

NM_007527.3

TGCAGAGGATGATTGCTGAC

GATCAGCTCGGGCACTTTAG 154

GAPDH

NM_017008

TCACCACCATGGAGAAGGC

GCTAAGCAGTTGGTGGTGCA 195
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Results:
Priming of inflammasome genes after elevation of IOP
We first examined whether mechanical strain primed inflammasome
components in vivo. IOP was unilaterally elevated in rats to between 50-60
mmHg for 4 hrs using a variant of the Controlled Elevation of IOP (CEI)
procedure. RNA was extracted from the retina of treated and contralateral control
eyes soon after return of IOP to baseline, and qPCR was used to compare
expression of genes associated with the NLRP3 inflammasome. There was a
significant elevation in the expression of mRNA for IL-1β, NLRP3, Interleukin-1
converting enzyme/caspase1 gene (CASP1) and Apoptosis-Associated SpeckLike Protein Containing CARD (ASC), but not in expression of cytokine IL-18
(Figure 2.4.A).
The procedure was also performed in mice to determine whether the response
occurred across species. In material extracted immediately after IOP was
returned to baseline, IL-1β was elevated moderately (Figure S 2.1.A). Expression
was substantially increased in material extracted 22 hrs after IOP returned to
baseline, with IL-1β, NLRP3, CASP1, and ASC levels elevated significantly
(Figure 2.4.B). The increased expression was greatest for IL-1β, with mRNA
levels increasing over 80-fold. At neither time point did the CEI procedure elevate
message for the pro-apoptotic marker BAX (Figure S 2.1.B), consistent with the
lack of cell death found previously with this procedure (Crowston et al., 2015).
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Expression was also examined in retinas from Tg-MyocY437H mice; these mice
had a sustained, moderate elevation in IOP of 15.5 ± 0.5 mmHg, as compared to
12.2 ± 1.0 in wildtype controls at 14-18 months, similar to the IOP difference
measured previously at 8 months (Lu et al., 2015). Expression of IL-1β mRNA
was increased in retinas from Tg-MyocY437H mice compared to littermate controls
(Figure S 2.1.C), but the rise in NLRP3 or CASP1 was not significant.
Inflammasome priming at protein level
Given that the elevation of IL-1β was substantially greater than that of other
inflammasome components, further efforts were focused on this cytokine.
Immunoblots were performed to probe for pro-IL-1β protein to confirm the mRNA
results. Expression of 31kDa pro-IL-1β protein was significantly elevated in
mouse eyes when examined 22 hrs after IOP elevation (Figure 2.5.A, B).
Immunohistochemistry was used to localize the rise in IL-1β induced by IOP
elevation. Staining for IL-1β was low under control conditions, but increased
substantially in eyes exposed to IOP elevation (Figure 2.5.C, Figure S 2.2). The
increased staining was greatest in the nerve fiber bundle of the retina and
throughout the optic nerve. Closer inspection of the staining pattern in the optic
nerve head showed increased expression of IL-1β in bands through the optic
nerve head that colocalized with GFAP, suggesting IL-1β expression was
increased in optic nerve head astrocytes.
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P2X7 receptor is involved in IL-1β priming in vivo
We hypothesized that the increased expression of IL-1β following IOP
elevation might relate to the release of ATP and autostimulation of P2X7
receptors found in optic nerve head astrocytes exposed to mechanical strain
(Beckel et al., 2014). This possibility was supported by recent findings implicating
the P2X7 receptor in the mechanosensitive upregulation of cytokines IL-3 (Lim et
al., 2016) and IL-6 (Lu et al., 2017) in the retina. To determine if the P2X7
receptor was involved in IOP-sensitive priming of IL-1β, the P2X7 receptor
antagonist BBG (0.8%) was injected intravitreally 1-3 days before the IOP rise,
then retinas were collected 22 hrs after the IOP returned to baseline.
Pretreatment with BBG prevented the upregulation of IL-1β mRNA triggered by
IOP elevation (Figure 2.6.A).
P2X7 receptor involvement was examined further by evaluating IL-1β mRNA
levels in P2X7-/-mice. Elevation of IOP significantly increased IL-1β mRNA levels
in control C57BL/6J mouse eyes, but not P2X7-/- mice (Figure 2.6.B). A similar
reduction was observed in levels of NLRP3 in tissue from the P2X7 -/- mice
(Figure 2.6.C). P2X7 receptor stimulation was itself sufficient to increase IL-1β
expression; the P2X7 agonist BzATP was injected intravitreally in C57BL/6J mice
with sterile saline injected into the contralateral eye as a control. Retinas
collected 1 day after the injections showed that BzATP significantly increased the
expression of IL-1β (Figure 2.6.D). The effect of BzATP on other inflammasome
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genes was much smaller (Figure 2.6.D). Together, the data suggested the P2X7
receptor primes IL-1β in response to mechanical strain in vivo.
Mechanical strain primes inflammasome genes in isolated astrocytes
The optic nerve head has been identified as a focal center of mechanical
strain that accompanies IOP elevation (Burgoyne et al., 2005; Downs et al.,
2008), with optic nerve head astrocytes involved in several signaling pathways
implicated in glaucomatous pathology (Hernandez, 2000; Morgan, 2000; Tehrani
et al., 2016). Mild stretch to optic nerve head astrocytes leads to a release of
ATP and autostimulation of P2X7 receptors (Beckel et al., 2014), and the
immunohistochemical staining in (Figure 2.5.C) indicated an increase in IL-1β in
optic nerve head astrocytes. As such, the mechanosensitive priming of IL-1β and
the contribution of the P2X7 receptor to this priming was examined further in
isolated optic nerve head astrocytes.
Primary rat optic nerve head astrocytes were plated on a silicon sheet and
subjected to 16% strain at 0.3 Hz for 4 hrs. Cells subjected to this stretch
protocol looked identical to controls cells on a macroscopic level, with very
similar patterns of F-actin staining (Figure 2.7.A). The level of IL-1β mRNA was
significantly increased in stretched cells (Figure 2.7.B). Expression of IL-1β was
also elevated by applying strain to the cells by swelling in a 30% hypotonic
solution (Figure 2.7.C). The rise in other inflammasome genes induced by
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swelling astrocytes was variable, with small increases in NLRP3, ASC and IL-18,
but not CASP1 (Figure S 2.3.A).
ATP release through pannexin channels required for mechanosensitive priming
of IL-1β in astrocytes
The measurements of IL-1β mRNA from optic nerve head astrocytes in vitro
allowed further investigation of the mechanisms linking mechanical strain to IL-1β
upregulation. First, the ability of astrocytes to release ATP when swollen, and of
the soluble ectoATPase apyrase to prevent the extracellular elevation in ATP
was confirmed (Figure 2.8.A, B). The ability of apyrase to prevent the swellinginduced rise in IL-1β expression supported a role for extracellular ATP in this
pathway (Figure 2.8.C).
Previous work suggests that pannexin hemichannels are a conduit for the
mechanosensitive release of ATP from these cells (Beckel et al., 2014).
Carbenoxolone is reported to be relatively specific for pannexin channels at 10
µM (Bruzzone et al., 2005), and this concentration led to a moderate, but
significant reduction in the swelling-induced release of ATP (Figure 2.8.D). This
concentration of carbenoxolone reduced the rise in IL-1β mRNA expression by a
similar amount (Figure 2.8.E). The swelling-induced rise in IL-1β was also
blocked by probenecid and the peptide blocker

10

Panx1, while the scrambled

peptide control had no effect on expression (Figure 2.8.F). The expression of
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pannexin 1 in these astrocytes (Figure 2.8.G), combined with the reduction by
three pannexin blockers, implicated pannexins in the IL-1β response.

P2X7 receptor necessary and sufficient for mechanosensitive priming of IL-1β in
vitro
ATP released after swelling can autostimulate astrocytes, with P2X7
antagonists blocking the rise in cytoplasmic Ca2+ induced by swelling (Beckel et
al., 2014). To determine whether this autostimulation contributed to the priming of
IL-1β, the effect of P2X7 antagonists on the swelling-dependent rise in IL-1β was
examined. The expression of the P2X7 receptor in astrocytes was confirmed
using immunocytochemistry (Figure 2.9.A). Three P2X7 antagonists, BBG,
A839977, and A740003, significantly prevented the mechanosensitive IL-1β
priming in optic nerve astrocytes (Figure 2.9.B). To support this pharmacological
identification of the P2X7 receptor, experiments were pursued on astrocytes
isolated from C57Bl/6J mice and P2X7-/- mice. PCR confirmed the absence of the
P2X7 receptor message in astrocytes obtained from knockout mice while
immunocytochemistry supported the absence of P2X7 protein (Figure S 2.4.A,
B). The increased in expression of IL-1β mRNA after 4 hrs of swelling was
significantly lower in astrocytes from the P2X7-/- mice as compared to the
C57BL/6J mice (Figure 2.9.C). Treatment of astrocytes with the P2X7 receptor
agonist BzATP was sufficient to upregulate IL-1β mRNA (Figure 2.9.D). Similar
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results were found with NLRP3; the response was reduced in astrocytes from
P2X7-/- mice (Figure S 2.4.C), while addition of BzATP induced a significant,
albeit small, rise in NLRP3 (Figure S 2.4.D).
NFκB is involved in priming of NLRP3 and IL-1β after mechanical strain
While many different transcription factors could be involved in the
upregulation of IL-1β, we focused on the contribution of NFκB, as it is linked to
the transcription of inflammasome genes including IL-1β (Cogswell et al., 1994)
and can be activated by P2X7 stimulation (Liu et al., 2011). The NFκB inhibitor
Bay 11-7082 prevented the swelling-induced upregulation of IL-1β in rat
astrocytes (Figure 2.10.A). Upregulation of NLRP3 was similarly blocked by Bay
11-7082 (Figure 2.10.B). While neither swelling nor Bay 11-7082 had any effect
on expression of CASP1 (Figure 2.10.C).
To confirm a role for NFκB in the transcriptional changes, levels of nuclear
factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IκBα)
in extracts from control and swollen astrocytes from C57BL/6J were probed with
immunoblots. Reduction in Iκbα levels correspond to activation of NFκB (Finco
and Baldwin, 1995). Swelling reduced levels Iκbα in astrocytes from control mice,
but not in cells from P2X7-/- mice (Figure 2.11.A). Quantification showed the
reduction in Iκbα induced by swelling was significantly less in astrocytes from
P2X7-/- mice (Figure 2.11.B). The P2X7 receptor antagonist A839977 also
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reduced the ability of swelling to activate IκBα (Figure 2.11.C,D), supporting a
role for the P2X7 receptor in the swelling-dependent activation of NFκB.
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Discussion:
This study suggests that mechanical strain can increase expression of
certain components of the NLRP3 inflammasome in neural tissue and identifies a
role for ATP release and the P2X7 receptor in this priming. The cytokine IL-1β
was linked through this pathway most strongly, with supportive evidence for
upregulation of NLRP3. Given that priming is the initial step in NLRP3
inflammasome involvement, this study implicates a role for the P2X7 receptor in
linking mechanical strain to innate immune responses in neural tissues.
Role of purinergic signaling
Evidence linking the P2X7 receptor with priming of IL-1β comes from in vivo
and in vitro assays of mRNA and protein. The P2X7 antagonist BBG prevented
the rise in IL-1β expression in vivo in rat retinas exposed to a transient rise in
IOP. The rise in IL-1β following transient IOP increase was significantly less in
P2X7-/- mice as compared to control, while the rise in IL-1β expression following
intravitreal injection of P2X7 agonist BzATP suggests receptor stimulation is
sufficient to increase IL-1β expression.
In vitro work using isolated astrocytes provides additional support and
implicates the P2X7 receptor more specifically, with the use of more selective
antagonists A839977 and A740003 (Honore et al., 2009; Honore et al., 2006), in
addition to BBG. The pressure-induced rise in IL-1β expression was prevented
by these agents and was not present in P2X7 -/- mice, while the P2X7 agonist
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BzATP was sufficient to elevate IL-1β. Together, the combined evidence from
pharmacological and genetic methods, and in both isolated astrocytes and whole
retina, strongly implicate a role for the P2X7 receptor in priming of IL-1β. The
identification of a P2X7 receptor contributions in both rats and mice suggests
receptor involvement may be widespread, particularly given the differences in the
receptor across these species (Donnelly-Roberts et al., 2009b).
Involvement of extracellular ATP in IL-1β priming was supported by the
ability of the soluble ectoATPase apyrase to block gene upregulation. The ability
of pannexin channel blockers carbenoxolone, probenecid and the

10

Panx1

peptide to prevent a rise in IL-1β strongly implicates the release of ATP through
the hemichannel in priming, as these drugs inhibited the ATP release induced by
astrocyte swelling (Beckel et al., 2014). Overall, these studies suggest a model in
which

mechanical

strain

leads

to

release

of

ATP

through

pannexin

hemichannels, autostimulation of the P2X7 receptor and subsequent priming of
IL-1β (Figure 1.3).
Transcription factors and gene variation
The transcription factor NFκB was implicated in the upregulation of IL-1β and
NLRP3 in astrocytes. Increased expression of both genes in swollen astrocytes
was blocked by NFκB antagonist Bay 11-7082. The P2X7 receptor was
implicated by data showing the swelling-dependent decreased in NFκB inhibitor
Iκbα was reduced in astrocytes from P2X7-/- mice and by the P2X7 receptor
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antagonist A839977. Elevation of hydrostatic pressure leads to translocation of
NFκB to the nucleus in retinal astrocytes (Sappington and Calkins, 2006), while
NFκB regulates transcription of NLRP3 and IL-1β in other cells (Boaru et al.,
2015; Cogswell et al., 1994; Lawrence, 2009). The P2X7 receptor has been
shown to activate NFκB through contact with MyD88 in HEK cells (Liu et al.,
2011). This makes the activation of NFκB by P2X7 receptor a likely route to
connect mechanical strain with increased expression of IL-1β and NLRP3. While
the residual activation in astrocytes from P2X7-/- mice may reflect the
involvement of other pathways, the presence of P2X7 splice variants may
provide additional possibilities (Valentin et al., 2009).
The increase in IL-1β in response to mechanical strain was particularly
consistent, observed both in rat and mouse in vivo models, and in cultured
astrocytes from rat and mouse tissues; the increase in the 31 kDa pro-form in
immunoblots confirmed this on a protein level. While expression of NLRP3,
CASP1, ASC and IL-18 were all increased by some model of mechanical strain,
the effects in these genes were less consistent. Some of this variation may have
been time-dependent, as the expression of most genes was substantially larger
in mouse retina 22 hrs after IOP elevation was returned to baseline. The diverse
responses to swelling and stretching were not unexpected given that IL-1β, IL-18,
NLRP3, CASP1, and ASC are all regulated by a different combination of
transcription factors. Regardless, the priming of IL-1β and NLRP3 may be rate
limiting in inflammasome activation as CASP1 and IL-18 are constitutively
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expressed in monocytes and epithelial cells (Dinarello, 2007; Thornberry et al.,
1992).
Contribution of astrocytes
The P2X7 receptor was implicated in priming IL-1β in both in vivo
experiments, where material from the entire retina was analyzed, and during the
in vitro experiments using isolated optic nerve head astrocytes. These optic
nerve head astrocytes make up a small proportion of retinal material, however,
and increased staining for IL-1β in various parts of the retina after elevated IOP
suggests additional cell types may contribute to the retinal response. For
example, our staining was consistent with increased expression in Muller glial
cells. Neuronal involvement is also likely; the increased staining above is
supported by recent results showing increased IL-1β expression in isolated
retinal ganglion cells exposed to stretch (Lim et al., 2016); these neurons release
ATP and autostimulate their P2X7 receptors, suggesting a parallel pathway may
be involved (Xia et al., 2012b). However, the optic nerve head is a focal center of
mechanical strain in the glaucomatous eye (Burgoyne et al., 2005), and
astrocytes from patients showed morphological changes before marked loss of
retinal ganglion cells (Lye-Barthel et al., 2013). The astrocytes express
mechanosensitive channels (Choi et al., 2015) and contribute to the inflammatory
response in glaucomatous eye (Johnson and Morrison, 2009). As such, the
identification of the P2X7 receptor linking mechanical strain to inflammasome
priming in optic nerve head astrocytes is particularly relevant.
52

ATP as endogenous trigger linking mechanical strain to inflammation in neural
tissues
Inflammation

has

emerged

as

a

critical

component

of

chronic

neurodegeneration, with the NLRP3 inflammasome a major contributor (Freeman
and Ting, 2016). While priming of the NLRP3 inflammasome traditionally has
been attributed to stimulation of toll-like receptors (Patel et al., 2017), these
receptors are primarily activated by pathogens, and the endogenous triggers
linking neural insult to inflammasome priming are largely unknown.
Our identification of the P2X7 receptor as a trigger for NLRP3 inflammasome
priming in the retina builds on evidence linking mechanical strain to aberrant
purinergic signaling in the retina and allows this endogenous trigger to be placed
in a physiological context. Extracellular ATP is elevated after increased IOP in
bovine, mouse, rat, primate and human samples (Lu et al., 2015; Reigada et al.,
2008; Zhang et al., 2007). Stimulation of P2X7 receptors can damage retinal
ganglion cells in vitro and in vivo (Hu et al., 2010; Zhang et al., 2005), and ATP
release through pannexin hemichannels following mechanical strain can
autostimulate P2X7 receptors on optic nerve head astrocytes (Beckel et al.,
2014). As pannexin hemichannels are upregulated by prolonged stretch in vitro
and in vivo, this provides a source of the sustained extracellular ATP found in the
chronic glaucoma models. The present study suggests this may also provide a
mechanism for chronic priming of inflammasome genes.
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The P2X7 receptor is traditionally known for its ability to activate the NLRP3
inflammasome following the efflux of K+ through the open channel (Katsnelson et
al., 2015). The present study identifies a novel role for the P2X7 receptor in the
priming of IL-1β and NLRP3. The ability of one receptor to mediate both steps of
inflammasome involvement identifies a potentially central role for purinergic
signaling in the link between mechanical strain and innate inflammation in neural
tissues. Future studies focused on the contributions of the P2X7 receptor to
inflammasome activation following its role in priming will clarify how this “double
punch” impacts the inflammatory state of the retina.

Portions of this work have previously been presented in abstract form
(Albalawi et al., 2016; Lu et al., 2013; Mitchell et al., 2016; Mitchell et al., 2017)
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Figures

Figure 2.4 Increased expression of inflammasome-associated genes in rat retina
after controlled elevation of IOP (CEI).
A. RNA was extracted from the retina soon after IOP returned to baseline
following an elevation to 50-60 mmHg for 4 hrs. The IOP rise led to
increased expression of IL-1β (*p=0.004, n=10), NLRP3 (*p=0.045, n=10),
CASP1 (*p=0.014, n=10), and ASC (*p=0.008, n=5) as compared to
contralateral control eye. There was no detectable rise in IL-18 (n=5).
B. Mouse retina exposed to CEI showed increased expression of IL-1β
(*p=0.049, n=5), NLRP3 (*p=0<0.001, n=3), CASP1 (*p =0.021, n=3) and
ASC (*p=0.029, n=4), but not IL-18 (n=4). Note the scale difference for IL1β. RNA from retina (including the optic nerve head material) was
extracted 22 hrs after returning IOP to baseline from an elevation to 60
mmHg for 4 hrs.
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Figure 2.5 Elevation of IL-1β at the protein level
A. Representative immunoblots from mouse whole retina lysates probed for
pro-IL-1β, at the expected 31 kDa size. Protein levels increased in eyes
subject to controlled elevation of IOP (CEI) to 60 mmHg for 4 hrs and
sacrificed 22 hrs after IOP returned to baseline, as compared to the
contralateral non-pressurized control eye. Levels of housekeeping protein
GAPDH (37 kDa) were similar between conditions.
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B. Summary of relative protein expression in response to IOP elevation, as
quantified with densitometry and normalized to GAPDH levels (*p=0.006,
n=5).
C. Immunohistochemistry sections of mouse retina stained for IL-1β (red),
GFAP (green) and with the nuclear stain DAPI (blue). The top row shows
representative images from the non-pressurized eye, while the bottom row
is from a contralateral eye exposed to the CEI procedure as in panel “A”.
Increased staining for IL-1β was apparent in the nerve fiber layer, optic
nerve and to a lesser extent throughout the retina (left). Higher
magnification of the boxed area shows horizontal bands stained for IL-1β
throughout the optic nerve head (center). These bands colocalize with
GFAP (right), consistent with optic nerve head astrocytes (representative
images from 3 animals).
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Figure 2.6 Involvement of the P2X7 receptor in inflammasome priming in vivo
A. The pressure-dependent rise in IL-1β mRNA in rat retinas exposed to
moderate elevation of IOP (CEI) was not present following injection of the
P2X7 antagonist BBG. Data are expressed as relative gene expression in the
non-pressurized (Control) vs pressurized retina for eyes injected with 0.8%
BBG (CEI + BBG) or saline (CEI) 1-3 days before the elevation of IOP to 50
mmHg for 4 hrs (n=4-5. *p<0.05 vs. saline pressurized).
B. In C57BL/6J mice, the CEI procedure increased retina levels of IL-1β mRNA
relative to contralateral untreated eyes (*p=0.018). In P2X7 knockout mice,
the elevation in IOP did not significantly (NS) increase levels of IL-1β. Levels
of IL-1β mRNA in pressurized eyes of P2X7 knockout mice were significantly
less than in wildtype pressurized eyes (**p=0.036). Data are expressed as
gene expression of untreated eyes (Control) relative to pressurized eyes
(CEI). Retina including optic nerve head was extracted 22 hrs after returning
IOP to baseline from an elevation to 60 mmHg for 4 hrs (n=4).
C. Similarly, the levels of NLRP3 mRNA relative to paired untreated eyes is
upregulated in C57BL/6J mice (*p<0.01). In P2X7 knockout mice, the
elevation in IOP did not significantly increase levels of NLRP3. Levels of
NLRP3 mRNA from P2X7 knockout mice pressurized eyes were significantly
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less than in wildtype pressurized eyes (**p<0.01). Data are expressed as
gene expression of pressurized eyes (CEI) relative to untreated eyes
(Control). Retina including optic nerve head was extracted 22 hrs after
returning IOP to baseline from an elevation to 60 mmHg for 4 hrs. n=4 in all
cases.
D. Intravitreal injection of P2X7 agonist BzATP was sufficient to increase levels
IL-1β, NLRP3 and CASP1 mRNA in mouse retina when extracted 24 hrs after
injection. Data are expressed as relative gene expression of contralateral
non-injected eye (Control) vs injected eye (BzATP; *p<0.01, n=3 in all cases).
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Figure 2.7 Mechanical strain primes IL-1β in optic nerve head astrocytes
A. Astrocytes plated on silicon substrates and fixed after 4 hrs in control
conditions (left, Control) or after 16% cyclical strain at 0.3 Hz (right,
Stretch). Staining for actin with Phalloidin (red) showed no obvious
changes to the cytoskeleton.
B. Application of 16% cyclical strain for 4 hrs increased expression of IL-1β
mRNA (n=5, *p<0.03).
C. Astrocytes exposed to moderate swelling induced by 30% hypotonicity
(Swell) showed increased expression of IL-1β mRNA relative to untreated
cells maintained in isotonic solution (Control; n=3, *p=0.009).
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Figure 2.8 ATP release through pannexin channels required for mechanosensitive priming of IL-1β in astrocytes
A. Swelling rat astrocytes in hypotonic solution led to a release of ATP into
the extracellular medium, as detected by the luciferin/luciferase assay.
The ATP hydrolase apyrase (1U/ml) substantially reduced the response.
Symbols represent mean ±SEM, n=10.
B. Quantification of extracellular ATP levels 18 min after exposure to
solutions (*Control vs Swell or Swell+apyrase, p<0.05, ** Swell vs Swell +
Apyrase, p<0.05, n=10).
C. Swelling astrocytes in the presence of apyrase also prevented the rise in
IL-1β mRNA (*p=0.02 Swell vs Control, **p=0.03 Swell vs Swell+Apyrase,
n=3)
D. The swelling-induced release of ATP was inhibited by pannexin channel
blocker carbenoxolone (CBX, 10µM, *p<0.05, Control vs Swell or
Swell+CBX, **p<0.05 Swell vs Swell+CBX, n=20, normalized to swell).
E. The swelling-induced rise in IL-1β mRNA was also inhibited by 10 µM
carbenoxolone (*p<0.05, Control vs Swell or Swell+CBX, **p<0.05 Swell
vs Swell+CBX, n=7, normalized to swell from 2 experiments).
F. Pannexin blocker probenecid (Prob, 1 mM) reduced the swelling-induced
rise of IL-1β in astrocytes (p=0.029). The peptide blocker 10Panx1 (100µM)
reduced the expression of IL-1β as compared to the scrambled peptide
control (10Panx1scr, *p=0.003). Swelling alone raised IL-1β (p=0.03, n=3
for all). No significate difference between control, probenecid and 10Panx1.
G. Left: Astrocytes stained for pannexin 1 (green), actin (red) and DAPI
(blue). Right: No signal was detected in the absence of pannexin 1
antibody.
Figure is located on following page.
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Figure 2.8.
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Figure 2.9 P2X7 receptor involved in priming of IL-1β in astrocytes
A. Immunocytochemistry showing expression of the P2X7 in cultured optic
nerve head astrocytes (left). No signal was detected in the absence of the
primary antibody (right).
B. The swelling-induced rise in IL-1β mRNA was inhibited by P2X7
antagonists BBG (10 μM), A839977 (50 nM) and A740003 (5 μM). Cells
were pretreated with drugs for 1 hr before swelling (*p<0.001 Swell vs.
control, **p<0.001 Swell vs. Swell+drugs, n=4).
C. The swelling-induced rise in IL-1β was reduced in astrocytes from P2X7-/mice as compared to C57BL/6J mice. Data are expressed relative to the
matched control group (*p<0.01, ** p=0.026, n=6).
D. Application of BzATP (400 µM) for 4 hrs increased IL-1β expression
(*p<0.01, n=7,).
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Figure 2.10 NFκB is involved in inflammasome priming after mechanical strain
A. NFκB inhibitor Bay11-7082 (Bay11, 4µM) prevented IL-1β upregulation in
rat astrocytes. Bay11-7082 was present for 1 hr before and during the 4 hr
swelling (*p<0.001 Control vs Swell, **p<0.001, Swell vs Swell+Bay11;
n=4, from 2 experiments).
B. The NFκB inhibitor Bay 11-7082 (Bay11, 4µM) reduced NLRP3 mRNA
upregulation in swollen rat astrocytes. Bay11-7082 was present for 1 hr
before and during the 4 hr swelling. (*p<0.001 Control vs Swell, **p≤0.001
Swell vs Swell+Bay11; n=4, from 2 experiments)
C. Neither swelling nor Bay 11-7082 had any effect on expression of CASP1.
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Figure 2.11 P2X7 receptor is involved in NFκB activation after mechanical strain.
A. Representative immunoblots from mouse optic nerve head astrocyte
lysates from control C57BL/6J and P2X7-/- mice probed for IκB-α (39 kDa)
and housekeeping protein β-actin (42 kDa). Expression of IκB-α was
reduced following 4 hrs of swelling in control astrocytes, consistent with
the activation of NFκb.
B. Summary of relative IκB-α protein expression from experiments illustrated
in panel B quantified with densitometry. The effect of swelling on IκB-α
was significantly less in astrocytes from P2X7-/- mice (*p<0.001 Swell vs.
Control C57BL/6J, *p=0.011 Swell vs. Control P2X7-/-, **p=0.038 Swell
C57BL/6J vs Swell P2X7-/-; n=3).
C. Representative immunoblots from mouse optic nerve head astrocyte
lysates from control mice probed for IκB-α (39 kDa) and housekeeping
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protein β-actin (42 kDa). The reduction in IκB-α triggered by swelling was
reduced in the presence of P2X7 antagonist A839977 (100 nM).
D. Mean densitometry values for IκB-α protein expression from immunoblots
like those in panel “D”. (*p=0.002, **p=0.043; n=6 from 2 experiments)
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Supplemental figures

Figure S 2.1.
A. Expression of genes obtained from mouse retinas (including the optic
nerve head material) immediately after a 4 hr elevation of IOP to 60
mmHg as compared to levels in the contralateral unpressurized eye.
Expression of IL-1β (*p=0.006, n=6) CASP1 (*p = 0.002, n=6), and IL-18
rose modestly (*p = 0.038), n=4) while expression of NLRP3 and ASC did
not change.
B. The CEI procedure did not increase the apoptosis regulator BAX at the
mRNA level immediately after the transient elevation of IOP to 60 mmHg
for 4 hrs or if allowed to rest for 22hrs before extraction (n=3).
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C. In retina obtained from 14-18-month-old Tg-MyocY437H mice (Tg-Myoc), IL1β mRNA expression was greater than in controls (*p=0.02, n=3). Neither
the rise in NLRP3 nor CASP1 were significant (n=3).
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Figure S 2.2
Representative negative controls for the immunohistochemistry of mouse retina
treated with the goat IgG then the secondary donkey anti-goat Alexa555conjugated and donkey anti-mouse IgG Alexa-Fluor 488 in parallel to the
immunostaining in Figure 2.5.C. ImageJ was used to modify intensity and
combine pseudocolored images, with parallel processing for all images in Figure
2.5 and S.2.2 Scale bar = 20µm.
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Figure S 2.3
1. A-D. Astrocytes exposed to moderate swelling induced by 30%
hypotonicity (Swell) showed increased expression, relative to untreated
cells (Control), of mRNA for NLRP3 (A), ASC (C) and (D) IL-18, but
swelling had no effect on CASP1 expression (B); n=3 and *p≤0.009 in all
cases.
2. E-H. Astrocytes stretched by 16% (Strain) showed greater expression,
relative to unstretched cells (Control), of, CASP1, and IL-18, whereas
expression of NLRP and ASC was smaller with stretching. N=5 and
*P<0.03 in all cases.
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Figure S 2.4
A. PCR of astrocytes obtained from P2X7 knockout and C57BL/6J mice
confirmed the absence of the expected 246 bp band in cells from the
knockout animals.
B. Immunohistochemistry showing staining for P2X7 in astrocytes cultured
from control C57BL6J mice but not from P2X7-/- mice.
C. The swelling-dependent rise in NLRP3 expression was significantly
reduced in astrocytes from P2X7 -/- mice (n=6, *p=0.04)
D. The P2X7 receptor agonist BzATP (400 µM) led to a slight increase in
NLRP3 but not CASP1 (n=7, *p<0.01).
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Chapter 3 : The P2X7 receptor links mechanical strain to
cytokine IL-6 upregulation and release in neurons and
astrocytes

Wennan Lu1, Farraj Albalawi1,2 Jonathan M. Beckel1,5, Jason C. Lim1, Alan M.
Laties3, Claire H. Mitchell1,3,4
Author affiliation: Departments of 1Anatomy and Cell Biology, 2Orthodontics,
3

Ophthalmology and 4Physiology, University of Pennsylvania, Philadelphia, PA

19104; 5Department of Pharmacology and Chemical Biology, University of
Pittsburgh, PA 15261
The work in this chapter started before I joined Dr. Mitchell’s lab. However, I was
involved in the in vivo rat and mouse experiments and the in vitro astrocytes
experiments. This chapter formed the foundation of my main work in chapter 2.
This work was originally published in J Neurochemistry. 2017 May (Lu et al.,
2017), It is reprinted here with some modification to the figures. Experiments in
Figures 1 and 4 in the published paper were performed by the other authors,
therefore they will be excluded from the figure section in this chapter but will still
be in the text and referred to the paper in the appendix.
A copy of the published paper is included in the Appendix with all figures, and at
10.1111/jnc.13998.
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Abstract:
Background: Mechanical strain in neural tissues can lead to the upregulation
and

release

of

multiple

cytokines

including

IL-6.

In

the

retina,

the

mechanosensitive release of ATP can autostimulate P2X7 receptors on both
retinal ganglion cell neurons and optic nerve head astrocytes. Here we asked
whether the purinergic signaling contributed to the IL-6 response to increased
intraocular pressure (IOP) in vivo, and stretch or swelling in vitro. Methods: Rat
and mice eyes were exposed to non-ischemic elevations in IOP to 50-60 mmHg
for 4 hrs. A PCR array was used to screen cytokine changes, with quantitative
(q)PCR used to confirm mRNA elevations and immunoblots used for protein
levels. P2X7 antagonist Brilliant Blue G (BBG) and agonist BzATP were injected
intravitreally. ELISA was used to quantify IL-6 release from optic nerve head
astrocytes

or

retinal

ganglion

cells.

Receptor

identity

was

confirmed

pharmacologically and in P2X7-/- mice Results: Acute elevation of IOP altered
retinal expression of multiple cytokine genes. Elevation of IL-6 was greatest, with
expression of IL1m, IL24, Tnf, Csf1 and Lif also increased more than two-fold,
while Tnfsf11, Gdf9 and Tnfsf4 were reduced. qPCR confirmed the rise in IL-6
and extracellular ATP marker ENTPD1, but not pro-apoptotic genes. Intravitreal
injection of P2X7 receptor antagonist BBG prevented the pressure-dependent
rise in IL-6 mRNA and protein in the rat retina, while injection of P2X7 receptor
agonist BzATP was sufficient to elevate IL-6 expression. IOP elevation increased
IL-6 in wild type but not P2X7 receptor knockout mice. Application of mechanical
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strain to isolated optic nerve head astrocytes increased IL-6 levels. This
response was mimicked by agonist BzATP, but blocked by antagonists BBG and
A839977. Stretch or BzATP led to IL-6 release from both astrocytes and isolated
retinal ganglion cells. Conclusions: The mechanosensitive upregulation and
release of cytokine IL-6 from the retina involves the P2X7 receptor, with both
astrocytes and neurons contributing to the response.
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Graphical abstract

Up-regulation of IL-6 by mechanical strain involves pannexin-mediated ATP
release and autostimulation of P2X7 receptors. Increased expression of IL-6
mRNA and protein in the retina following transient increase in intraocular
pressure in vivo, and instretched/swollen optic nerve head astrocytes was
blocked by P2X7 receptor antagonists. Stretch or P2X7 receptor stimulation
raised calcium and released IL-6 from astrocytes and retinal ganglion cell
neurons.
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Introduction
Mechanical strain to neurological tissues frequently leads to both inflammatory
and protective responses (Corps et al., 2015). The cytokine interleukin 6 (IL-6) is
of particular relevance as it can mediate pathological or protective actions in
neural systems depending on context (Erta et al., 2012). IL-6 can lead to
neuroinflammation after traumatic brain injury (TBI) and cerebrospinal fluid levels
of IL-6 correlate with pathological progression after TBI (Kumar et al., 2015; Yang
et al., 2013). However, IL-6 can also induce neurogenesis and protect neural
cells after damage (Erta et al., 2012; Penkowa et al., 2003). A better
understanding of the pathways linking mechanical strain to IL-6 may help
determine the mechanism for the shift of IL-6 from detrimental to protective
actions.
The purinergic system has been implicated in regulation of IL-6 in several cell
types including fibroblasts (Inoue et al., 2007), skeletal muscle cells (Bustamante
et al., 2014), macrophages (Hanley et al., 2004) and microglia (Shieh et al.,
2014). Purinergic signaling is particularly sensitive to mechanical strain, with ATP
release accompanying increases in shear stress, stretch, and swelling (Corriden
and Insel, 2010; Praetorius and Leipziger, 2009). In neural tissue, ATP can be
released through pannexin hemichannels in response to mechanical strain
(Iglesias et al., 2009; Xia et al., 2012b). The release of ATP and stimulation of
the P2X7 receptor is closely linked with inflammatory responses in non-neural
cell types (Gombault et al., 2012), leading to inflammasome activation and IL-1β
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release (Ferrari et al., 2006; Franceschini et al., 2015). Of particular relevance is
the priming and release of IL-6 in microglial cells in response to stimulation of the
P2X7 receptor (Shieh et al., 2014).
The retina provides an ideal model with which to examine the relationship
between strain, purines and IL-6 in neural tissue. Mechanical strain is
experienced by neurons and glial cells in the retina when the intraocular pressure
(IOP) rises during glaucoma (Downs, 2015; Sigal and Ethier, 2009). Retinal
ganglion cells are the most susceptible to neuropathological changes and death
in response to elevated IOP, while the focal point for mechanical strain is the
optic nerve head, with optic nerve head astrocytes identified as a critical
intermediary (Downs et al., 2008; Hernandez, 2000).
Perturbed purinergic signaling is implicated in response to glaucoma and
elevated IOP. For example, human patients with both acute and chronic
glaucoma have elevated levels of extracellular ATP in ocular fluids (Li et al.,
2011; Zhang et al., 2007). Primate, rat and mouse models of sustained IOP
elevation show elevated extracellular ATP (Lu et al., 2015). These models also
demonstrated increased expression of the ectoATPase NTPDase1, previously
identified to act as a marker for sustained elevation of extracellular ATP (Lu et
al., 2007). The pressure-dependent ATP release from retina is inhibited by
blockers of pannexin hemichannels and not linked to lactase dehydrogenase,
suggesting it is a physiological response (Reigada et al., 2008). Both optic nerve
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head astrocytes (Beckel et al., 2014) and retinal ganglion cells (Xia et al., 2012a)
release ATP through pannexin hemichannels when subjected to mechanical
strain. This released ATP can autostimulate the P2X7 receptor in both cell types.
Alterations in cytokine IL-6 have also been recognized as an important
response to elevated IOP. Levels of IL-6 have been detected in the aqueous
humor of patients with chronic glaucoma (Chen et al., 1999; Zenkel et al., 2010).
In the hypertonic saline model of chronic IOP elevation, IL-6 was the most
upregulated gene in the optic nerve head tissue (Johnson et al., 2011), while IL-6
was also elevated following transient elevation of IOP (Cepurna et al., 2008).
Several observations suggest IL-6 confers protection to retinal ganglion cells;
exposure of isolated ganglion cells to high hydrostatic pressure in vitro led to
apoptotic death that was attenuated by addition of recombinant IL-6 (Sappington
et al., 2006), and IL-6 increased both the number and the length of neurites
sprouting from isolated retinal ganglion cells (Chidlow et al., 2012). While these
observations suggest IL-6 has an important role in the response to increased
pressure, the signaling mechanisms linking the mechanical strain to the IL-6
response are largely unknown.
Given the link between mechanical strain, ATP release and P2X7 receptor
autostimulation in the retina, the connection between the purinergic signaling and
IL-6 activation, and evidence implicating IL-6 in glaucoma, this study was based
on the hypothesis that mechanosensitive stimulation of the P2X7 receptor was
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involved in the IL-6 response to elevated IOP in the retina. To distinguish
between responses due to elevated IOP and those due to cell death, an in vivo
model of acute but non-ischemic IOP elevation was employed as studies indicate
it is generally not lethal to retinal neurons (Abbott et al., 2014; Crowston et al.,
2015). Isolated optic nerve head astrocytes and retinal ganglion cells were also
utilized to investigate the response in more mechanistic detail in vitro.
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Methods
Animals: All experiments protocols were approved by the Institutional Animal
Care and Use Committee of the University of Pennsylvania. The P2X7 knockout
(P2X7-/-) mice originally generated from Pfizer (B6.129P2-P2rx7tm1Gab/J),
along with age matched 9 month-old C57Bl6J wild type controls were obtained
from Jackson Laboratories (Bar Harbor, ME). Sprague-Dawley and Long-Evans
rats were obtained from Harlan Laboratories (Fredrick, MD). Mice and rats of
both sexes were utilized.
Model of moderate temporally-controlled IOP elevation: Acute elevation of IOP
experiments were performed using adult Sprague-Dawley rats based on the
Control Elevation of IOP (CEI) protocol developed by John Morrison and
colleagues (Morrison et al., 2010; Morrison et al., 2014). Adult rats were given a
prior dose of 2 mg/kg meloxicam and then deeply anesthetized with
intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 mg/kg).
Proparacaine (1%) was added to the ocular surface and one drop of Tropicamide
(1%) was administered into each eye for pupil dilation. Once anesthesia had
taken effect, one eye was cannulated with a 27 gauge shielded wing needle
(Becton Dickinson, NJ) inserted into the anterior chamber and connected to a 20
ml syringe filled with sterile phosphate buffered saline (PBS). IOP was increased
to 50 mmHg by positioning the syringe at the appropriate height (68cm H 2O),
while the contralateral eye without cannulation served as a normotensive control.
During the initial development of the model, IOP was calibrated with a TonoLab
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tonometer (Colonial Medical Supply, VT) at the beginning and end of the
elevation of the reservoir. As IOP was found to be remarkably consistent both
throughout the 4 hrs of elevation and between animals, it was usually just
measured at the end of the 4 hr period during experiments to avoid excessive
force on the needle tip inside the eye. The retina was carefully observed under
an operating microscope to ensure that blood flow through the retinal vessels
was maintained. After 4 hrs IOP elevation, pressure was returned to normal, the
needle was removed and 0.3-0.5% gentamycin ointment or erythromycin (0.5%)
was applied to the cornea. Animals were sacrificed 20 hrs (i.e. 1 day) or 5 days
later and the retina, including the optic nerve head material, was dissected.
Experiments were also performed on mice using procedures similar to those
used for rat with parallels to those described by Crowston and colleagues
(Crowston et al., 2015). Mice were given a prior dose of meloxicam and then
anesthetized with 1.5% isofluorane. IOP was increased to 50-60 mmHg for 4
hours. Mice were sacrificed immediately after the pressure was returned to
baseline, or 20 hrs later. The contralateral eye without cannulation served as a
normotensive control.
PCR Array: Expression of mRNA for 84 rat interferons, cytokines and

interleukins in the retina was determined using the Rat Common Cytokine RT2
Profiler™ PCR Array (#PARN-021A, SABiosciences Corp., Frederick, MD).
Samples were processed according to the manufacturer’s protocol. In brief, total
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RNA was isolated from the control and pressurized retinas using Trizol and
RNeasy mini kit (Qiagen, Inc.), and RNA was quantified from optical density and
purity determined (Nanodrop, Thermo Scientific, Inc.). Total RNA (1 μg) was
reverse transcribed using genomic DNA elimination and RT 2 First Strand kit (#C03, SABiosciences Inc.). Comparison of the relative expression of cytokine
genes were performed using the PCR array on an ABI 7300 Real-Time PCR
System (Applied Biosystems, Foster City, CA). Lactate dehydrogenase A,
Ribosomal genes L13A, hypoxanthine phosphoribosyltransferase 1 (HP1), and
beta actin (Actb) were used as housekeeping genes and were all stable in retina
from eyes with control and elevated IOP. Data were analyzed with the
SABiosciences Web-Based PCR Array Data Analysis, where p values were
calculated based on a Student’s t-test of the replicate 2−ΔΔCt values for each gene
in the control group and experimental groups.
Quantitative PCR: RNA was processed as above. Quantitative PCR (qPCR)
was carried out using Power SYBR Green master mix with primer pair
sequences shown in Table 3-1, using the 7300 Real-Time PCR System. Data
were analyzed using the delta-delta CT approach, with results expressed as fold
change in gene expression in eyes with elevated IOP versus control samples
(2−ΔΔCt) using an unpaired t-test as described recently (Karmakar et al., 2015).
Intravitreous injection: Intravitreal injections were performed as described (Hu
et al., 2010) under a dissecting microscope with a micropipette connected to a
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microsyringe (Drummond Scientific Co., Broomall, PA). The glass pipette filled
with drug was passed through the superior nasal region of sclera into the vitreous
cavity at a point approximately 1 mm from the limbus. The total volume injected
was 5 µl over a 30 sec time period. P2X7 receptor antagonist Brilliant Blue G
(BBG, 0.8%) was dissolved in sterile saline and injected 1-3 days before IOP
elevation. To examine the effects of P2X7 stimulation, Long Evans rats were
injected with either 2 µl 250 µM P2X7 receptor agonist Bz-ATP or sterile saline.
Rats were sacrificed and the retina dissected, with total RNA isolated from the
retina and processed as described above.
Immunoblots: Immunoblots were processed as described (Guha et al., 2013).
In brief, whole retinas were washed twice with cold PBS and lysed in RIPA buffer
containing 50 mM Tris-HCl, 150 mM NaCl, protease inhibitor cocktail (Complete;
Roche Diagnostics, Germany), 1% Triton X-100, 0.1% SDS, and 10% glycerol.
Samples were sonicated and cleared by centrifugation (10,000g) for 10 min at
4°C, with protein concentrations determined using a BCA Protein Assay
(Pierce/ThermoFisher). Protein was separated using conventional SDS-PAGE,
and processed using standard immunoblot protocols (Karmakar et al., 2015).
Blots were incubated with a monoclonal antibody to rat IL-6 overnight at 4°C
(1:1000 R&D Systems, # MAB5061), followed by incubation with anti-mouse IgG
conjugated to horseradish peroxidase (1:5000; Amersham Biosciences Corp.,
Arlington Heights, IL) at room temperature for 1 hr. and developed by
chemiluminescence detection (ECL detection system; Amersham Biosciences
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Corp.). The ImageQuant LAS 4100 imager and Image Quant software (Both GE
Healthcare Lifesciences) were used to detect and quantify the intensity of the
specific bands. Western blots were performed 3-4 times each.
Optic nerve head astrocytes: Primary rat optic nerve head astrocyte cultures
were grown as described (Beckel et al., 2014) based upon a protocol modified
from Mandal et. al. (Mandal et. al., 2009). The optic nerve head tissue proximal
to the sclera in rat pups up to postnatal day 5 was digested for 1 hr in 0.25%
trypsin. Cells were grown in medium comprised of Dulbecco’s minimal essential
medium/F12, 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and
25ng/ml epidermal growth factor (EGF) and used up to passage 5. Cell
identification was performed with GFAP immunostaining as described (Beckel et
al., 2014). For stretch experiments, astrocytes were seeded on a silicon
substrate (Silastic, Specialty Manufacturing, Saginaw, MI), bathed in isotonic
solution (in mM; 105 NaCl, 5 KCl, 4 NaHEPES, 6 HEPES acid, 1.3 CaCl2, 5
glucose, 5 NaHCO3, 60 mannitol and 0.25 MgCl2 pH 7.4). Cells were subjected
to a 5% equibiaxial strain at 0.3 Hz for 2 min using a specially designed
pneumatic piston as described (Beckel et al., 2014; Winston et al., 1989). Cells
were exposed to 30% hypotonic solution (isotonic solution diluted with dH2O) for
swelling experiments with Brilliant Blue G (BBG, Sigma Corp.), A839977
(Tocris/BioTechne) or BzATP (Sigma Corp.) for 4 hrs at 37°C before RNA was
extracted as detailed above. Samples of the extracellular media were taken
before and after stretch or BzATP and stored at -80°C. The release of IL-6 from
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astrocytes was then measured by Rat IL-6 Quantikine@ ELISA kit (#R6000B,
R&D systems) following manufacturer’s instructions, with data acquired using a
96-well plate reader SpectraMax M5 (Molecular Devices).
IL-6 release from isolated retinal ganglion cells: Isolation of retinal ganglion
cells was performed using the immunopanning procedure as described (Xia et
al., 2012b; Zhang et al., 2010). Isolated RGCs were seeded onto 0.1% poly-Llysine (Peptides International) and 1 µg/mL laminin coated coverslips or elastic
silicone sheeting in stretch chambers and cultured at 37oC with 5% CO2.
Attached cells were bathed in 750 l of isotonic solution including 100 µM of the
ectoATPase inhibitor βγ methylene ATP, and stretched by application of 20
mmHg of pressure resulting in a 4.1% deformation strain (see (Xia et al., 2012a)
for detail). Pressure inside the stretch chamber was increased to 20 mmHg for 4
min, returned to 0 mmHg for 1 min and the cycle repeated three times for a total
duration of 15 min. Immediately following stretch, a 250 µL sample of the
extracellular solution was collected from the center of the stretch chamber.
Stretch did not induce release of lactose dehydrogenase. IL-6 levels were
determined with the rat antibody cytokine array following manufacturer’s
instructions (R&D Systems), as described in detail in a recent publication (Lim et
al., 2016). In brief, IL-6 levels were quantified by incubating the membrane in
Streptavidin-HRP followed by chemiluminescent detection reagents (GE
Healthcare). The production of light corresponding to levels of bound cytokine
was determined with ImageQuant LAS4000 and the intensity of each spot was
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measured using ImageQuant TL analysis software (all GE Healthcare). Results
represent 4 independent trials of stretch or BzATP experiments, each performed
in duplicate.
Data analysis and study design: Data are reported as mean ± standard error
of the mean. Statistical analysis used a 1-way ANOVA with appropriate post-hoc
test, or a paired Student’s t- test when comparing eyes from the same animal.
Results with p<0.05 were considered significant. When data were not distributed
normally, analysis on ranks was performed. All statistical analysis was performed
using SigmaStat software (Systat Software Inc.). The number of experimental
repeats was determined in part by sample size calculations and power analysis.
Data within two standard deviations of the mean was included unless
accompanied by signs of animal distress or unexpected deviation. Analysis was
performed in a masked fashion where appropriate.
Table 3-1 Primers used for qPCR of IL-6 study

Table 1. Primers used for quantitative real time PCR
Gene Name GenBank Accession
Anxa3
NM_012823
Bax
NM_017059
Cfos
NM_022197
CyclinD1
NM_171992
ATF3
NM_012912
IL-6
NM_012589
P2X4R
NM_031594
P2X5R
NM_080780
P2X7R
NM_019256
P2Y1R
NM_012800
P2Y2R
NM_017255
P2Y4R
NM_031680
P2Y6R
NM_057124
A1AR
NM_017155
A3AR
NM_012896
GAPDH
NM_017008

Forward Primer (5' to 3')
ATCCGGAAAGCAATCAAAGG
TGCCAGCAAACTGGTGCT
CCTGTGAGCAGTCAGAGAAGG
CCCACGATTTCATCGAACACT
CGAAGACTGGAGCAAAATGATG
CTCCGCAAGAGACTTCCAG
GCAAGACGTTCTTCCACCCTATACA
GACATCCAGGAGACACTTAGCTTCG
TAATGCCTCAGCCTAGTGCCTTTGG
GCAGCTTCCACTGCCAAAGGCTAAT
AGCAGCTCAGTCAGGTGTCAGTTCA
ATAGCTGTCTTGATCCAGTGCTCTA
TAGGTCCTGGAATAGCACTGCAAAT
AGCCTGGATGTCTTCCTTGTATGGA
GAGCTTCTCTCATTCAATTCTGTGG
CCATGGAGAAGGCTGGGG
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Reverse Primer (5' to 3')
Size(bp)
CCATGACATGCTCAAAGTGG
174
ACCCAACCACCCTGGTCTT
129
CGGAAGAGGTGAGGACTGG
194
GATCATCCGCAAACATGCA
77
CAGGTTAGCAAAATCCTCAAACAC
123
GGTCTGTTGTGGGTGGTATC
119
TCCATACGCTCACACTGTATAAGCC
137
CAGCAAGAGCTGAACTGCACAAGTC 230
CTGCTGCTCCAGAGGGCTCAAGTTC
107
ATTGTAAAGCTTCAAGATCTGGCAG
172
TCAGGTGGCGTTGCCTTAGATACGA
214
AGCAGCAGGGTTACAATCGATCTCC
215
AAAGTCTTGGCAAATGGATGGGAAT
171
TAGACATAGGGACCTCCTTGAGAAC
121
CCTAGGGATCCTTCAACGCAGGTTC
183
CAAAGTTGTCATGGATGACC
195

Results
Pressure-dependent elevation in message for IL-6
Initial experiments to screen for cytokine pathways activated in vivo by
transient elevations in IOP were determined using a cytokine PCR Array. IOP in
one eye of a rat was raised to 50 mmHg for 4 hrs. Although this is considerably
above the baseline IOP levels of 12.8 mmHg in the conscious Sprague-Dawley
rat (Cabrera et al., 1999), this increase did not prevent blood flow through the
retinal vessels. Similar transient rises in IOP have been found to induce minimal
permanent damage (Abbott et al., 2014; Crowston et al., 2015; Morrison et al.,
2010; Zhi et al., 2012). qPCR analysis indicated no rise in pro-apoptotic genes,
although expression of the early stress-response ATF3 was increased,
consistent with findings in the hypertonic saline model (Guo et al., 2011)
(Appendix. Fig S1).
To obtain an objective measure of the cytokine response to transient pressure
elevation, retinal gene levels were examined 20 hrs after IOP returned to
baseline using a cytokine PCR array. Analysis showed 9 genes with a >2-fold
change in expression levels between the pressurized and control rat retina
(Appendix. Fig 1A and B). IL-6 showed the greatest rise, with a 29- fold increase.
IL1m, IL24, Tnf, Csf1 and Lif were also elevated more than two-fold. Three
genes, Tnfsf11, Gdf9 and Tnfsf4, were down-regulated more than two-fold.
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Given that IL-6 was the gene altered most using the cytokine gene array,
results were confirmed using traditional qPCR. IL-6 was elevated 16.9 fold in
eyes with increased IOP as compared with contralateral eyes (Appendix. Fig 1C).
This substantial increase measured using qPCR strongly supported the result
from the PCR array suggesting that expression of IL-6 was increased in retinas
exposed to transient elevations in IOP.
Purines and IL-6 expression in vivo
As purinergic signaling has been repeatedly implicated in retinal cells exposed
to elevated IOP (Reigada et al., 2008; Sanderson et al., 2014), expression of
gene ENTPD1 was examined. ENTPD1 codes for the ectoATDPase NTPDase1,
which was previously identified as a possible marker for a sustained rises in
extracellular ATP, with increased levels of the gene ENTPD1 and protein for
NTPDase1 triggered by sustained exposure to ATP (Lu et al., 2007). Levels of
NTPDase1 were elevated in parallel to extracellular ATP concentrations in rat,
mouse and primate models of chronic IOP elevation (Karmakar et al., 2015). In
material from rat retinas obtained both 1 and 5 days after transient IOP elevation,
ENTPD1 was upregulated (Figure 3.1.A), suggesting levels of extracellular ATP
were elevated. after moderate IOP elevation.
A considerable body of past work implicates autostimulation of the P2X7
receptor following the mechanosensitive release of ATP in the retina (Beckel et
al., 2014; Reigada et al., 2008; Xia et al., 2012b; Zhang et al., 2006), and recent
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work demonstrates P2X7 receptor stimulation leads to IL-3 responses in isolated
retinal ganglion cells (Lim et al., 2016). As stimulation of P2X7 receptors by ATP
has been associated with the upregulation of IL-6 in microglia cells (Shieh et al.,
2014), the role of the P2X7 receptor in mediating the pressure-dependent rise in
IL-6 was examined.
Initial involvement of the P2X7 receptor as determined using antagonist
Brilliant Blue G. While BBG can act at other P2X receptors (Bo et al. 2003), it is
well tolerated in the eye (Totan et al., 2014). In addition, the blue color of the
compound enabled the retinal distribution of the antagonist to be more accurately
determined (Figure 3.1.B); material from the targeted retina was preferentially
analyzed. The pressure-dependent increase in IL-6 mRNA was blocked by
intravitreal injection of 0.8% BBG 1-3 days before the IOP rise (Figure 3.1.C).
Levels were compared to the rise seen in pressurized eyes injected with only
saline, to control for any injection artifact. Immunoblots confirmed that IL-6
protein was also increased in the retina following a rise in pressure (Figure
3.1.D). Changes in protein level paralleled those of mRNA, with IOP rise leading
to an increase in IL-6 protein that was prevented by BBG (Figure 3.1.E).
To determine whether stimulation of the P2X7 receptor was sufficient to trigger
upregulation of IL-6, agonist BzATP was injected intravitreally (2 µl, 250 µM) with
sterile saline injected into the contralateral eye and levels of IL-6 mRNA present
in the retina 24 hrs later were determined. Retinal IL-6 expression was increased
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4-fold by the P2X7 receptor agonist BzATP in the absence of any changes in IOP
(Figure 3.1.F).
Involvement of purines in the response to elevated IOP was further probed by
examining expression of certain receptors. Receptor genes P2RX7 and
ADORA3, coding for the adenosine A3 receptor, were elevated in many retinas
examined after 1 day, but considerable variation meant the rises were not
significant (Appendix. Fig S2). Genes P2RX4 and P2RY6 for purinergic receptors
were increased 1 day, but not 5 days after IOP elevation. While the precise
contribution of these receptors remains to be determined, their increased
expression is consistent for mechanosensitive purinergic signaling.
Pressure-dependent upregulation of IL-6 absent in P2X7 knockout mice:
Further confirmation of the role of the P2X7 receptor in the pressuredependent rise in IL-6 was provided with P2X7 knockout mice. Elevating the IOP
of wild-type C57Bl6J mouse eyes to 60 mmHg for 4 hrs led to a rise in IL-6 levels
analogous to that observed in the rat eye (Figure 3.1.G). In mice missing the
P2X7 gene, however, this rise in IOP did not significantly change IL-6 levels
(Figure 3.1.H). This supported the pharmacological identification, while also
demonstrating the response occurred in multiple species.
IL-6 upregulation and release from optic nerve head astrocytes:
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In vitro experiments from isolated cells were pursued to enable identification of
specific cell types and better control of pharmacological manipulation. Optic
nerve head astrocytes undergo multiple changes in response to the mechanical
strain in glaucoma (Hernandez, 2000). As we have previously found that stretch
of these astrocytes leads to the release of ATP through pannexin hemichannels
and subsequent autostimulation of P2X7 receptors (Beckel et al., 2014), the
mechanosensitive response of IL-6 in these astrocytes and the contribution of the
P2X7 receptor was examined.
Isolated rat optic nerve head astrocytes expressed GFAP, confirming the
identity of the cultured cells ( Figure 3.2.A). Astrocytes were plated on a silicone
substrate and subjected to a 5% equilateral strain at 0.3 Hz for 4 hrs, followed by
a 20-hr break before RNA was extracted to increase parallels to in vivo
experiments. Levels of IL-6 mRNA were increased 2-fold in stretched astrocytes
as compared to controls ( Figure 3.2.B). Unstretched astrocytes exposed to 50
µM BzATP for 4 hrs also demonstrated a 2-fold rise in IL-6, suggesting the P2X7
receptor was sufficient to trigger the rise in IL-6 mRNA expression ( Figure 3.2.C)
as found in vivo. An analogous rise in IL-6 was produced by swelling astrocytes
with a 30% hypotonic solution for 4 hrs ( Figure 3.2.D); this rise in IL-6 mRNA
was prevented by P2X7 receptor antagonists BBG and A839977 ( Figure 3.2D).
To confirm the contribution of the P2X7 receptor, the rise in IL-6 expression in
optic nerve head astrocytes isolated from C57Bl6J mice and P2X7 knockout
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mice was compared. Swelling cells from wildtype mice induced a significant
increase in IL-6 expression ( Figure 3.2.E). In contrast, astrocytes isolated from
P2X7-/- mice showed a drop in the IL-6 expression with swelling.
IL-6 released from optic nerve head astrocytes
While the ability of P2X7 receptors to trigger the upregulation of IL-6 mRNA in
vivo and in vitro implied an increased involvement of the cytokine, the ability of
the receptor to trigger release of IL-6 was also tested. Measurement of IL-6
levels in the bath surrounding the astrocytes using an ELISA assay
demonstrated that the cytokine was released into the bath after stretch ( Figure
3.2.F). Exposure of astrocytes to agonist BzATP also led to a substantial release
of IL-6 ( Figure 3.2.G). Cytokine release in many cell types is mediated by
increases in intracellular calcium; for example, the release of IL-6 from spinal
cord astrocytes is calcium dependent (Codeluppi et al., 2014). To confirm optic
nerve head astrocytes experience a rise in calcium upon swelling, levels were
monitored with indicator Fura-2. The rise in calcium was rapid and reversible (
Figure 3.2.H). To determine whether this response was dependent upon
autostimulation of the P2X7 receptor, the ability of BBG to antagonize this rise
was examined. Pretreatment of astrocytes with blocker BBG eliminated the rise
in calcium, implicating autostimulation of the P2X7 receptor, and consistent with
a role for calcium in the release.
IL-6 released from isolated retinal ganglion cells:
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Although the above experiments clearly indicate that mechanical strain and
stimulation of the P2X7 receptor can lead to release of IL-6 from optic nerve
head astrocytes, immunostaining indicated that retinal ganglion cells expressed
high levels of IL-6 (Appendix. Fig 4A). The staining pattern was particulate,
consistent with IL-6 stored in vesicles. As such, the ability of retinal ganglion cells
to release IL-6 was tested. As ganglion cells in situ are intertwined with various
other cell types, a two-step immunopanning procedure was used to isolate retinal
ganglion cells (Appendix. Fig 4B); previous analysis indicates that >98% of cells
obtained in this way are ganglion cells (Zhang et al., 2006). The purified cells
were plated on a silicone substrate and, once attached, a 4.1% deformation
strain was applied to stretch the cells for 4 min. Cells were then returned to
baseline for 1 min, with the stretch cycle repeated 2 more times. There was a
significant increase in extracellular levels of IL-6 released into the bath after this
stretch period (Appendix. Fig 4C). Analogous trials indicate that stimulation of the
P2X7 receptor with BzATP also released IL-6 from isolated retinal ganglion cells
(Appendix. Fig 4D). Attempts to process RNA from these isolated ganglion cells
were unsuccessful, precluding examination of IL-6 expression. However,
application of BzATP led to a rapid increase in intracellular calcium in isolated
retinal ganglion cells (Appendix. Fig 4E); the response was rapid, reversible and
repeatable.
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Discussion
The signaling pathways linking mechanical strain to inflammation play an
important role in the cellular response to stress. The current study implicates the
P2X7 receptor for extracellular ATP in the mechanosensitive upregulation of
cytokine IL-6 in the retina. In vivo data demonstrate IL-6 mRNA was substantially
upregulated after a transient elevation of IOP in the rat retina, with the P2X7
receptor antagonist BBG preventing the upregulation of both IL-6 mRNA and IL-6
protein in retinal tissue. The transient rise in IOP increased IL-6 expression in the
retina of wildtype mice but not in P2X7 knockout mice, further implicating the
P2X7 receptor and demonstrating the effect was not species dependent. In
isolated optic nerve head astrocytes, IL-6 expression was increased by stretch,
swelling and directly by the P2X7 agonist BzATP. The swelling- induced rise in
IL-6 in astrocytes was prevented by two different P2X7 antagonists. In addition,
both astrocytes and retinal ganglion cell released IL-6 in response to agonist
BzATP or to mild stretch. Together these data identify a role for the P2X7
receptor in the mechanosensitive IL-6 response of neurons and astrocytes in the
retina.
Signaling pathways linking mechanical strain to IL-6
The intracellular signaling pathways linking mechanical strain to the IL-6
response can be at least partially described by integrating previous findings with
the results of the current study. Increased pressure in the whole retina, or
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mechanical strain to either optic nerve head astrocytes or retinal ganglion cells
leads to ATP release through pannexin hemichannels (Beckel et al., 2014;
Reigada et al., 2008; Xia et al., 2012b). Release from astrocytes is partially
dependent on Rho kinase, consistent with a mechanosensor like TRPV4 as in
other ocular cells (Jo et al., 2015; Shahidullah et al., 2012). In both astrocytes
and retinal ganglion cells, the released ATP autostimulated P2X7 receptors on
the same cell type.
The present study clearly implicates the P2X7 receptor in the IL-6 response to
mechanical strain. The P2X7 antagonist BBG prevented the rise in IL-6
expression in vivo, while BBG and a second antagonist A839977 prevented the
rise in astrocytes. In addition, agonist BzATP emulated the effects of mechanical
strain both in vivo and in vitro. Although BzATP and BBG can act at other P2
receptors (Bo et al., 2003; Wildman et al., 2003), A839977 is more selective
(Honore et al., 2009). In addition, the reduced IL-6 response in P2X7-/- mice in
vivo, and in optic nerve head astrocytes isolated from the P2X7 -/- mice,
implicated the P2X7 receptor in linking the mechanical strain to the IL-6
response. The retinal response resembles that in cultured microglia, where the
P2X7 receptor triggers IL-6 mRNA upregulation and release of the cytokine
(Shieh et al., 2014).
While the use of agonists, antagonists and knockout mice together imply the
P2X7 receptor makes a substantial contribution to the mechanosensitive IL-6
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response, a contribution from other P2 receptors cannot be ruled out in the
present study, and other P2 receptors have been linked to IL-6 (Inoue et al.,
2007; Kawano et al., 2015; Shigemoto-Mogami et al., 2001). A study of the same
P2X7-/- mice used here found that while most of the peritoneal rise in IL-6
accompanying ATP injection was eliminated in the knockout mice, the residual
response may have reflected action of additional receptors, with P2Y receptors
suggested as a possible source (Solle et al., 2001). The increased expression of
the P2Y6 receptor in retinas exposed to transient pressure elevation is
interesting, but as the agonist for this receptor is UDP, and ATP itself has little
affinity, activation of this receptor by ATP released after elevated pressure is
likely to be complex (Communi et al., 1996; Satrawaha et al., 2011). It is also not
clear whether the response is direct or reflects a secondary response to IL-1β
release, as IL-1β can lead to upregulation of IL-6 expression (Cadman et al.,
1994). Experiments are currently underway to determine whether stimulation of
the P2X7 receptor leads to IL-1β release.
In addition to the upregulation of IL-6 message and protein levels, mechanical
strain and the P2X7 receptor also triggered a rapid release of IL-6 from
astrocytes and retinal ganglion cells. The P2X7 receptor is a ligand gated nonselective cation channel, and its stimulation raises intracellular calcium in both
astrocytes and retinal ganglion cells (Beckel et al., 2014; Xia et al., 2012b). The
vesicular release of IL-6 from spinal cord is calcium-dependent (Codeluppi et al.,
2014), and the time course of the IL-6 release above implies the signaling
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mechanisms are distinct from those involved in transcriptional upregulation.
While the increased expression of IL-6 would provide more IL-6 for release upon
later stimulation, this complex positive feedback pathway was not investigated in
the present study.
Separating mechanical strain from cell death and the P2X7 receptor
The data here indicate that P2X7 receptor was involved in the increase in IL-6
after a transient non-ischemic elevation in IOP. We used this model because it
was reported to induce little cell death (Abbott et al., 2014; Crowston et al., 2015;
Morrison et al., 2010; Morrison et al., 2014), and enabled us to distinguish
between responses resulting from mechanical strain and those due to cell death;
the lack of response in genes ANAX3, BAX or CCND1, associated with apoptosis
or extreme stress, suggest this distinction was largely achieved. In a variant of
the rat model in which IOP was raised to 50 mmHg for 8 h, there was no
substantial RGC loss or decreases in axon transport (Abbott et al., 2014).
Elevation of mouse IOP to 50 mmHg for 30 min led to a transient reduction in the
photopic negative response (PhNR), attributed largely to retinal ganglion cell
function, although the number of ganglion cells was not reduced when examined
7 days later (Chrysostomou and Crowston, 2013; Crowston et al., 2015).
Presumably the maintenance of retinal blood flow prevents the retinal ganglion
cells loss associated with more ischemic models (Zhi et al., 2012). Overall this
suggests that the robust IL-6 response, and the stimulation of the P2X7 receptor
which precedes it, are distinct from cell death.
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Relevant cell types
Our in vivo experiments identified elevated IL-6 mRNA and IL-6 protein using
material from the entire retina. The optic nerve head is the focus of the
mechanical forces induced upon elevation of IOP (Downs, 2015), and the in vitro
experiments clearly demonstrate a rise in IL-6 expression in optic nerve head
astrocytes, consistent with previous findings of a large rise in optic nerve head IL6 in response to IOP elevation (Johnson et al., 2011). However, the optic nerve
head tissue is a minor component of the retina and it is likely that other cell types
contribute to the rise in IL-6 expression found in the whole tissue. While the
restricted levels of cell material in panned retinal ganglion cells precluded reliable
molecular analysis of IL-6 levels in this study, the cells are also likely to
contribute. The increased expression of IL-6 1 day after IOP elevation using the
laser photocoagulation model co-localized with amyloid precursor protein, a
marker of fast axonal transport, and suggested the axonal transport of IL-6
synthesized in retinal ganglion cells was impeded with increased IOP (Chidlow et
al., 2012). This may relate to a more recent study in which IL-6 increased with
age in the proximal optic nerve of DBA mice, and correlated with the loss of
axonal transport (Wilson et al., 2015). The predicted involvement of microglial
cells here is complex; cultured retinal microglia released IL-6 when subjected to
hydrostatic pressure increase (Sappington et al., 2006), while activated microglial
cells were observed in vivo only one week after elevation of IOP but not at earlier
time points (Kezic et al., 2013). Future experiments are needed to understand
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the role of microglial cells given their responsiveness to extracellular ATP
(Franke et al., 2007).
Physiological implications:
While the results from the present study clearly demonstrate a role for the
P2X7 receptor in the upregulation and release of IL-6, the physiological
implications will depend upon the cell types involved, the conditions that lead to
the response, and whether the resulting IL-6 mediates protective or detrimental
effects. IL-6 signaling is complex; although IL-6 is traditionally described as a
“pro-inflammatory” cytokine, it can be both protective and pathological in neural
tissues (Spooren et al., 2011). Expression of IL-6 in cortical astrocytes confers
protection from focal injury in neural tissue (Penkowa et al., 2003). In the retina,
several groups have identified protective actions by IL-6 and suggested it is an
early protective response. The death of retinal ganglion cells following increased
hydrostatic pressure was prevented by IL-6 (Sappington et al., 2006), and IL-6
enhanced neurogenesis in retinal ganglion cells (Chidlow et al., 2012). If IL-6
represents an early response to protect neurons, then the present study
suggests that the mechanosensitive release of ATP through pannexin
hemichannels and autostimulation of P2X7 receptors that lead to the increased
IL-6 response may also be protective, at least in young healthy tissue. This would
add to the increasing recognition of the P2X7 receptor as more than just a “death
receptor” in neural tissues.
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Figures

Figure 3.1 Involvement of ATP and P2X7 receptor in IL-6 elevation in vivo
A. Expression of ectoATPase gene ENTPD1 was elevated 1 day after
increase in IOP to 50 mmHg for 4 hrs (Pressure, *p=0.033, N=10).
ENTPD1 remained elevated 5 days after the procedure (*p=0.004, N=8).
B. The distribution of P2X7 antagonist Brilliant Blue G (BBG) in the retina 1
day after intravitreal injection. The staining pattern suggests distribution of
BBG through the vitreal cavity to the retina was restricted. A similar
staining pattern remained in retinas examined 6 days after injection.
C. The pressure-dependent rise in IL-6 mRNA was substantially decreased
following injection of BBG. Data are expressed as relative gene
expression in the pressurized vs non-pressurized retina for eyes injected
with 0.8% BBG or saline 1-3 days before the moderate elevation of IOP to
50 mmHg for 4 hrs. N=6-9. *p<0.004 saline pressurized vs. nonpressurized; *p<0.013 saline pressurized vs. BBG pressurized.
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D. Representative immunoblots from whole retina lysates probed for IL-6 (22
kDa) and housekeeping protein GAPDH (GAP, 37 kDa). Expression of IL-6 is
greater in the eye subject to the moderate IOP increase (Pr) treated with
saline as compared to the contralateral non-pressurized control eye, but
this pressure-dependent increase is reduced after injection with BBG.
E. Summary of relative protein expression from experiments illustrated in C
quantified with densitometry; N=4-5. * p<0.001 saline pressurized vs. nonpressurized; *p<0.035 saline pressurized vs. BBG pressurized
F. P2X7 receptor agonist BzATP was sufficient to increase levels of IL-6
mRNA in the retina 1 day after intravitreally injection (250 µM, 2 µl per
eye), N=5, *p=0.021.
G. In wildtype C57Bl6J mice, transient elevation of IOP to 60 mmHg for 4 hrs
(Pressure) raised retina levels of IL-6 mRNA. N=7, *p<0.001.
H. In P2X7 knockout mice, the same elevation in IOP did not significantly
increase levels of IL-6. N=6.
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Figure 3.2 IL-6 response in astrocytes
A. Cultured rat optic nerve head astrocytes stained for GFAP (green) and
DAPI (blue). Bar=20 µm.
B. Increased expression of IL-6 mRNA in stretched astrocytes; cells were
subject to a 5% equilateral strain at 0.3 Hz for 4 hrs, followed by a 20 hr
break before extraction of RNA. N=8-9, *p=0.011.
C. IL-6 expression was increased in astrocytes exposed to 50 µM BzATP for
4 hrs. N=5, *p=0.008.
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D. Expression of IL-6 was also increased in cells exposed to moderate
swelling induced by 30% hypotonicity for 4 hrs. However, this rise in
expression was inhibited by P2X7 receptor antagonists BBG (50 µM) or
A839977 (A83; 10 µM). Cells were pretreated with antagonists in isotonic
solution for 1 hr. before swelling. N=4 * p<0.001 Swell vs. Control,
*p<0.001 Swell vs. swell+BBG, *p<0.001 Swell vs. swell+A839977.
E. Cell swelling in 30% hypotonic solution induced rise in IL-6 mRNA was
observed in optic nerve head astrocytes from C57Bl6J mice (N=6, *
p=0.006), but swelling in astrocytes isolated from P2X7 -/- mice actually
reduced IL-6 expression (p=0.043, N=6).
F. The concentration of IL-6 in the bath surrounding astrocytes was higher
after exposing cells to stretch (* p=0.036, N=7).
G. Levels of IL-6 in the bath were also increased after exposure of astrocytes
to 50 µM BzATP for 30 min (* p=0.011, N=6, paired t-test for F and G).
H. Swelling of astrocytes by hypotonic solution rapidly raised intracellular
calcium, as indicated by the ratio of light excited at 340 nm vs 380 nm in
cells loaded with indicator Fura-2. In the presence of 100µM BBG, no rise
in cell calcium was observed. Symbols represent mean ±SEM, N=16.
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Chapter 4 :
Discussion and Future Directions
The signaling pathways linking mechanical strain to inflammation play an
important role in the cellular response to stress. In glaucoma, which is the
second most common cause of blindness worldwide (Resnikoff et al., 2004), IOP
elevation is one of the most common risk factors (Casson et al., 2012). IOP
elevation causes mechanical strain with forces particularly focused on the optic
nerve head (Bellezza et al., 2003; Burgoyne, 2011; Sigal and Ethier, 2009),
where astrocytes reside and are affected by strain (Hernandez et al., 2008).
Several studies have shown that IOP elevation in glaucoma models leads to
morphological and structural changes to the ONH (Burgoyne, 2011; Burgoyne et
al., 1995; Downs, 2015; Yang et al., 2009), along with signs of inflammation
including upregulation of TNF

and activation of the complement system

(Plantinga et al., 2013). However, the pathological changes in glaucoma and
several other chronic inflammatory disorders are not well understood. In
glaucoma, the pathological changes continue for years, eventually leading to
neuronal death and blindness. The results of this study suggest a novel
explanation to link mechanical strain with inflammatory signaling.
Understanding how mechanical strain in the optic nerve head is translated to
pathological changes in retinal ganglion cells is a major challenge in glaucoma
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research. The goal of this thesis was to identify a pathway for inflammasome
priming and IL-6 in response to mechanical strain in the context of sterile
inflammation. A better understanding of the cellular and molecular events
involved in the process could lead to the development of more effective treatment
options for glaucoma patients. Moreover, these findings could potentially be
relevant to responses to mechanical in other tissue compartments including
dentally-related structures.
The work presented in this thesis supports a critical role for purinergic
signaling activated by mechanical strain in the inflammation accompanying
glaucoma. We presented evidence that pro-IL-1β and IL-6 mRNA and protein are
significantly upregulated in a non-ischemic glaucoma model with IOP elevation.
In addition, this work demonstrated that mechanical strain leads to ATP release
from pannexin hemichannels that autostimulate the P2X7 receptor, and the P2X7
receptor was found to be necessary and sufficient to upregulate IL-1β and IL-6
expression. We also found that swelling astrocytes activated the transcription
factor NF B, which is known to upregulate expression of the genes encoding IL-6
and IL-1β (Cogswell et al., 1994; Korcok et al., 2004; Rego et al., 2011; Yu et al.,
2009).
The function and the regulation of cytokines are complex. IL-1β is a proinflammatory cytokine and contributes to signaling pathways involved in cell
death (Dinarello, 2002). IL-1β also contributes to retinal ganglion cell toxicity in
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an ischemia model (Yoneda et al., 2001). IL-6 is traditionally described as a
proinflammatory cytokine, but it can also be protective to neuronal tissue
(Penkowa et al., 2003; Spooren et al., 2011). The presence of both neurotoxic
and neuroprotective effects following cytokine responses by the P2X7 receptor
stresses the complexity of the signaling system and emphasized the need for
caution when interpreting ultimate outcomes of receptor stimulation. For
example, ocular hypertension studies showed that the rise in IL-6 expression is
transient, whereas IL-1β expression increases with sustained IOP elevation,
suggesting that the IL-1β/IL-6 ratio influences RGC health in chronic glaucoma
(Chidlow et al., 2012). Therefore, evaluating the effect of IL-1β and IL-6 on the
health of RGC at different time points and at different concentrations is needed to
properly understand their role in diseases.
Although the work reported in chapters 2 and 3 investigated the role of P2X7
receptor in priming IL-1β and IL-6 in parallel, both cytokines can produce a wide
range of signaling that can positively or negatively affect the other. IL-1β mainly
binds to the IL-1 receptor, which can activate NFκB, c-Jun N-terminal kinases
(JNK) and MAPK pathways, resulting in changes in genes including IL-6, COX-2,
IL-8 and MKP-1(Arulkumaran et al., 2011; Dinarello, 2002; Weber et al., 2010). In
fact, IL-1β upregulates IL-6 in cultured cortical neurons and astrocytes
(Benveniste et al., 1990; Ringheim et al., 1995; Tsakiri et al., 2008). IL-6 bound
to its receptor can interact with Glycoprotein 130 (gp130), resulting in activation
of the JAK/STAT signal transduction pathway and regulation of gene expression
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(Ivashkiv and Hu, 2003; Leonard and O'Shea, 1998). It is thus possible that IL-1β
and IL-6 can modulate the expression of each other after stretch; further
investigation of their interactions in response to mechanical strain is needed. IL-1
receptor antagonists, IL-1β knockout mice, and IL-1β antibody can be tested to
determine whether the release of IL-1β modulates IL-6. In addition, IL-6 knockout
mice, which are commercially available, can be tested to identify the role of IL-6
in regulating inflammasome priming.
Glaucoma model:
Understanding the mechanisms that underlie glaucomatous changes in the
optic nerve is essential for developing a treatment for glaucoma. This involves
identifying how elevated IOP leads to axonal injury and retinal ganglion cell
death. Because the ONH is a likely site of axonal injury (Burgoyne et al., 2005;
Downs et al., 2008), an ideal animal model that separates the effect of cell death
from the effect of elevated IOP is needed. The CEI model used here provides a
high degree of control over IOP elevation over an extended period of time without
major damage to the retina or the optic nerve. Although a small but significant
reduction in ganglion cell activity occurred using a variant where IOP was
elevated to 60mm Hg for 8 hr (Morrison et al., 2016), the loss of permanent
damage after only 4 hr elevation (Crowston et al., 2015) supports our conclusion
that there is little damage in our hands. As such, we feel this allow the effects of
elevated IOP and cell death to be adequately separated. Our findings are
supported by use of a genetically induced outflow obstruction model (Tg108

MyocY437H mice), in addition to the CEI protocol used in two different species.
This approach enabled us to explore specific mechanisms while also
demonstrating that the response is not restricted to a single species. This is
especially important, given the considerable differences in the P2X7 receptor
sequence in mice and rats (Donnelly-Roberts et al., 2009a).
The role of purinergic signaling:
In Chapter 2 we showed the involvement of extracellular ATP in IL-1β priming,
based on the ability of apyrase, which hydrolyzes ATP, to block gene
upregulation. We think ATP release is unlikely to be due to cell lysis, since
previous work in our lab confirmed the lack of cell death with swell and stretch
using Lactose dehydrogenase (LDH) cytotoxicity assay (Beckel et al., 2014). As
this reaction showed no sign of cellular rupture and release of the cytoplasmic
enzyme into the bath, the mechanosensitive release of ATP was deemed to be
physiological.
To confirm a role of pannexin hemichannels in the priming of cytokines that
followed mechanosensitive activation of astrocytes, we used three different
pannexin antagonists to enhance specificity. Carbenoxolone partially blocked the
release of ATP with a consistent reduction of IL-1β mRNA after the swell. While
the 10µM concentration produced only a partial block, specificity over other
channels is higher at this concentration (Beckel et al., 2014; Xia et al., 2012b).
Therefore, we also tested probenecid and
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Panx1 peptide. Probenecid is known

to act on an organic anion transporter, and also has been shown to affect ATP
release (van Aubel et al., 2002). Several pharmacological results suggest that it
inhibits the nonvesicular release of ATP, with pannexin1 being a prominent target
of the molecule (Dahl et al., 2013; Qiu et al., 2011). In addition, probenecid at
1mM inhibits currents mediated by pannexin1 channels but not connexins
(Silverman et al., 2008).

10

Panx1 is a mimetic inhibitory peptide that blocks the

first extracellular loop of pannexin1 and has been shown to significantly inhibit
channel currents, dye uptake and ATP released by pannexin1 in multiple cell
types (Pelegrin and Surprenant, 2007; Seminario-Vidal et al., 2011). However,
this peptide also shows nonspecific targets such NMDA receptor and Cx46
hemichannels (Lohman and Isakson, 2014). Although none of the individual
drugs are specific for pannexins, the inhibition we observed with all three
compounds strongly implicates pannexins as the conduit for ATP release.
The Pannexin hemichannel family has three members designated pannexin 1,
2, and 3. Pannexin 2 can form functional homomeric pores at high voltage in
Xenopus oocytes (Penuela et al., 2013). The ability of pannexin 3 to form a
homomeric functional single membrane pore is still controversial and
electrophysiological evidence has yet to be reported (Penuela et al., 2013). On
the other hand, pannexin 1 channels can be activated to form pores by
mechanical stimulation, caspase cleavage, cytoplasmic Ca 2 +, membrane
depolarization, extracellular ATP and K+ (Bao et al., 2004; Silverman et al.,
2009). In contrast to the situation with pannexin 2 and 3, the ability of pannexin 1
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to act as a pathway for ATP release and enable communication with the
extracellular environment is well established (Dahl, 2015; Pelegrin and
Surprenant, 2006). Although we did not directly attempt to identify the specific
member of the pannexin family involved in the phenomena described in this
thesis, our data are consistent with a role of Pannexin 1 in ATP release after
mechanical strain.
The reduction in IL-1β we found with pannexin 1 inhibitors is consistent with
the altered ATP release from these cells with the inhibitors (Beckel et al., 2014),
and the reduction of ATP in cortical astrocytes from pannexin 1 knockout mice
(Suadicani et al., 2012). Determining whether the remaining ATP release in
astrocytes in this study reflects a contribution from pannexin 2 or other channels
will require more experiments. Previous attempts to silence pannexin 1 with
siRNA led to the upregulation of other pannexins and connexin proteins in the
Mitchell lab, so this approach was avoided. In addition, we attempted to
investigate this issue in conditional GFAP-Cre: Panx1f/f mice but encountered
technical difficulties. Additional methods such as using CRISPR/Cas 9 to
knockout pannexin 1 could be used to confirm the mechanosensitive role of this
channel specifically.
Evidence linking the P2X7 receptor with IL-6 and IL-1β priming comes from in
vivo and in vitro assays of mRNA and protein. The small in vitro upregulation of
IL-1β in astrocytes from P2X7-/- mice (Figure 2.9) may reflect the involvement of
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other pathways; however, the presence of P2X7 splice variants provides an
alternate explanation (Valentin et al., 2009). While the use of agonists,
antagonists and knockout mice together imply the P2X7 receptor makes a
substantial contribution to the mechanosensitive IL-1β and IL-6 responses, a
contribution from other P2 receptors cannot be ruled out in the present study.
However, the role of different splice variants could be investigated by developing
a P2X7 receptor knock out mice utilizing CRISPR/Cas 9 to target multiple exons.
Contribution of astrocytes:
The involvement of the astrocytes in IL-6 upregulation and release and IL-1β
priming was outlined in the experiments in Chapter 2 and 3. The immunostaining
(Figure 2.5.C) does not exclude the possibility of the involvement of other cells,
such as Muller glial cells, neurons and microglia. However, astrocytes are
located at the optic nerve head, where the mechanical strain produced by IOP
elevation is focused and showed morphological changes in patients with
glaucoma (Burgoyne, 2011; Hernandez, 2000; Lye-Barthel et al., 2013; Sigal and
Ethier, 2009). Furthermore, astrocytes are known to express mechanosensitive
channels (Choi et al., 2015) and contribute to the inflammatory response in
glaucomatous eyes (Johnson and Morrison, 2009). As such, the identification of
the P2X7 receptor linking mechanical strain to inflammasome priming in optic
nerve head astrocytes is particularly relevant.
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In addition, astrocytes are in contact with neurons and provide both metabolic
and structural support to neurons as part of normal physiology (Plantinga,
Joosten et al. 2013). They can undergo morphological changes in response to
mechanical stress, including redistribution of cytoskeletal proteins (Ho et al.,
2014). Evaluating these changes in optic nerve head astrocytes can confirm their
role in the pathological process in glaucoma. This can be achieved by: (1)
measuring the length of filamentous actin (F-actin) after staining to determine
whether or not there are changes in the cytoskeleton and (2) comparing the ratio
of F-actin to the global actin (G-actin) on immunoblots of cell lysates.
To further confirm the role of the astrocyte P2X7 receptor in IL-1β changes, a
cell-specific knockout is needed. Developing P2X7 receptor floxed mice then
breeding them with the GFAP-Cre mice, to produce a conditional P2X7 receptor
knockout in astrocytes will allow an extensive and accurate measurement of the
role of P2X7 receptor astrocytes in glaucoma.
Microglial cells are present in the retina, where they are a potent source of IL1β and have a crucial role in mediating inflammation. Therefore, in future studies
it will be important to determine if the P2X7 receptor contributes to the
inflammasome response in retinal microglia and whether the response is
mechanosensitive. To directly address these possibilities, Cx3cr1CreER mice
can be bred with floxed P2X7 receptor knock-out mice to generate microglial
specific knockouts. Additionally, in vitro stretching experiments using retinal
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microglial cells can be conducted to identify the pathways linking mechanical
stretch to IL-6 and inflammasome priming and activation in this important cell
type.
Gene expression:
Elevated IOP and mechanical strain differentially affected the expression of
numerous genes. The increase in IL-1β and IL-6 in response to mechanical strain
was particularly consistent in contrast to the somewhat inconsistent enhanced
expression observed for NLRP3, CASP1, ASC and IL-18 The relative variability
in gene expression may have been time-dependent, as the expression of most
genes was substantially larger in the mouse retina 22 hrs after IOP elevation was
returned to baseline. Interestingly, the magnitude of upregulation of these genes
reflects the nature of their function. For example, when IL-1β is released it binds
to the IL-1 receptor in a 1:1 ratio. Therefore, a significant upregulation of IL-1β
production is needed to induce a vigorous inflammatory reaction. On the other
hand, NLRP3 and caspase 1 are catalysts for the production of the mature
cytokines such that relatively small increase in their production has a dramatic
impact on the induction of an inflammatory response. Given that IL-1β, IL-18,
NLRP3, CASP1, and ASC are all regulated by different combinations of
transcription factors, the diverse responses to swelling and stretching were not
unexpected. In addition, CASP1 and IL-18 are constitutively expressed in
monocytes and epithelial cells (Dinarello, 2007; Thornberry et al., 1992), making
a moderate increase in expression proportionally less impactful.
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NLRP3 mRNA was upregulated in vivo after IOP elevation and, to a lesser
extent, after BzATP injection. In vitro BzATP treatment also upregulated the
expression of NLRP3. However, P2X7 receptor and pannexin 1 antagonists, as
well as apyrase, were not able to block this upregulation. This indicates the
presence of additional mechanisms, in addition to P2X7 receptor, and confirms
the complexity of the priming regulation of the NLRP3 (Juliana et al., 2012;
Schroder et al., 2012). Additional studies including a NLRP3-luciferase reporter
assay and investigating additional factors, such as calcium signaling, would
provide more information about NLRP3 priming.
Calcium can be involved in the signaling transduction that leads to
transcriptional upregulation of IL-6 and the inflammasome genes. This
upregulation could be relevant to the ability of calcium to activate the
transcription factor NF B (Lilienbaum and Israel, 2003). The P2X7 receptor is
known to increase intracellular calcium in both astrocytes and retinal ganglion
cells (Beckel et al., 2014; Xia et al., 2012b). In our work, swelling of astrocytes by
hypotonic solution rapidly raised intracellular calcium, but in the presence of BBG
no rise in cell calcium or cytokine increase was observed. Swelling and stretch
experiments in calcium free solutions could shed light on the role of calcium
influx through P2X7 receptor in inflammasome priming.

Sensing the stress:
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Conversion ofmechanical stimuli into biological responses is involved in
activity number of physiologic processes including blood flow, pain, touch,
hearing and mastication (Chalfie, 2009). While our results showed a clear role for
pannexin hemichannels in connecting mechanical strain to ATP release, they do
not identify the first sensor of mechanical stress. Recent findings suggest that
Piezo cation channels are likely sensors of mechanical strain in the cell
membrane (Coste et al., 2010). The Piezo family consists of Piezo1 and 2 (also
known as Fam38A and Fam38B, respectively), that are localized to the optic
nerve head astrocytes (Choi et al., 2015). Our work focused on the signaling
pathways downstream of these channels. Thus future studies investigating their
role in priming the inflammasome might explain some of the variability in
expression of certain genes in response to mechanical stretch.
In this work, we specifically focused on the role of the P2X7 receptor on the
priming of IL-1β, as this was less well understood relative to receptor’s role in
activation of the inflammasome. Future studies focused on the contributions of
the P2X7 receptor to inflammasome activation following its role in priming will
clarify how the inflammasome with the double signals impacts the inflammatory
state of the retina. Available assays can detect the activation of caspase 1 based
on detection of cleavage of substrate such as YVAD-AFC by the active enzyme,
which can be quantified using a fluorometer. Also, evaluation of the signaling
transduction of P2X7 receptor activated by BzATP/mechanical strain may identify
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a possible mechanism of regulating the inflammasome, and thus of treating
glaucoma.
Finally, the findings of this thesis outlined a novel pathway, in which
mechanical strain leads to extracellular ATP release through pannexin 1
hemichannels, which autostimulates the P2X7 receptors involved in the priming
of the NLRP3 inflammasome and IL-6 mRNA and protein upregulation. These
findings have a considerable relevance to our understanding of how mechanical
strain leads to chronic inflammation throughout the body. In the dental field, TMJ
disorders and orthodontic induced apical root resorption are inflammatory
disorders in sterile conditions linked to mechanical strain, and thus are relevant
to this work. In addition, occlusal trauma resulting from excessive forces being
applied on the teeth can accelerate the progression of the bone loss in the
presence of active periodontitis (Lindhe and Svanberg, 1974). This could be due
to the inflammatory signals affecting the periodontal ligament in response to
mechanical stimulation. A recent study conducted in human periodontal ligament
cells has illustrated a contribution of Pannexin 1, ATP and P2X7 receptor in IL-1β
production in response to compressive loading (Kanjanamekanant et al., 2014).
These findings are consistent with our results and indicate a relevant pathway in
the dental structures. Utilizing the knowledge and tools that I have learned during
this work I hope to expand these findings to connect mechanical strain to
inflammatory signaling in dental fields in the future.
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Chapter 5 : Appendix
Effects of Lidocaine and Articaine on Neuronal Survival and Recovery

Farraj Albalawi BDS, 1,2, Jason C Lim BS1, Kyle V DiRenzo1, Elliot V. Hersh
DMD, MS, PhD3 and Claire H. Mitchell PhD1,4,5
Departments of 1Anatomy and Cell Biology, 2Orthodontics and 3Oral &
Maxillofacial Surgery/Pharmacology. University of Pennsylvania School of Dental
Medicine, Philadelphia, PA, 19104 Departments of 4Physiology and
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Ophthalmology, Perelman School of Medicine, University of Pennsylvania,

Philadelphia, PA 19104

As a dentist, I was interested in doing a side project directly related to the dental
field. Therefore, I was involved in the work of this chapter in collaboration with Dr.
Hersh as part of a project funded by the Rabinowitz award. In this chapter, we
compared the SH-SY5Y (neuroblastoma cell line) survival and functional
impairment after they were treated with the two most commonly used local dental
anesthesia (Lidocaine and Articaine). Even though is chapter may be different
from the main work, neuronal death with these drugs may involve pathways
regulated by caspases.
This chapter has been accepted for publication in Anesthesia Progress
Journal. 2017 June.
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Abstract:
The local anesthetics lidocaine and articaine are among the most widely used
drugs in the dentist’s arsenal, relieving pain by blocking voltage dependent Na +
channels and thus preventing transmission of the pain signal. Given reports of
infrequent but prolonged paresthesias with 4% articaine, we compared their
neurotoxicity and functional impairment by screening cultured neural SH-SY5Y
cells with formulations used in patients (2% lidocaine + 1:100,000 epinephrine or
4% articaine + 1:100,000 epinephrine), and with pure formulations of the drugs.
Voltage-dependent sodium channels Na(v)1.2 and Na(v)1.7 were expressed in
SH-SY5Y cells. To test the effects on viability, cells were exposed to drugs for 5
min and, after washing, cells were treated with the ratiometric Live/Dead assay.
Articaine had no effect on the survival of SH-SY5Y cells while lidocaine only
produced a significant reduction when used as pure powder. To determine
reversibility of blockage, wells were exposed to drugs for 5 min, returned for
medium for 30 min, and the calcium elevation induced by depolarizing cells with
a high potassium solution was measured using calcium indicator Fura-2. High
potassium raised calcium in control SH-SY5Y cells and those treated with
articaine, but lidocaine treatment significantly reduced the response. In
conclusion, articaine does not damage neural cells more than lidocaine in this in
vitro model. While this does not question the safety of lidocaine used clinically, it
does suggest that articaine is no more neurotoxic, at least in the in vitro setting.
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Introduction:
The development of safe and effective local anesthetic agents is possibly the
most important advance in providing pain control in dental practice (Moore and
Hersh, 2010). The agents currently available in dentistry are extremely safe and
fulfill most of the characteristics of an ideal local anesthetic. These agents can be
administered with minimal tissue irritation or likelihood of inducing allergic
reactions. A variety of agents are available that provide rapid onset and adequate
duration of surgical anesthesia that is completely reversible, and systemic toxicity
is rarely reported; these events invariably being the result of overdoses in young
children (Goodson and Moore, 1983; Hersh et al., 1991).
Two percent lidocaine with 1:100,000 epinephrine is the most widely used
local anesthetic in the United States,(Moore and Hersh, 2010) while in Canada
and several European countries articaine with 1:100,000 epinephrine has
supplanted lidocaine as the most frequently employed local anesthetic agent
(Haas and Lennon, 1995). 4% articaine with 1:100,000 epinephrine provides
more profound infiltration anesthesia than does 2% lidocaine with 1:100,000
epinephrine;(Snoeck, 2012) while it is not as clear if 4% articaine with 1:100,000
epinephrine is superior in anesthetic efficacy compared to 2% lidocaine with
1:100,000 epinephrine with regards to mandibular block anesthesia, a recent
meta-analysis revealed the superiority of the former when this injection technique
is employed (Brandt et al., 2011). A large prospective safety study of 1325
individuals revealed no difference in systemic or local toxicity between 4%
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articaine with 1:100,000 epinephrine and 2% lidocaine with 1:100,000
epinephrine (Malamed et al., 2001). However while relatively rare in occurrence,
retrospective studies and case reports have associated the use of 4% articaine
with 1:100,000 epinephrine with a higher incidences of paresthesia following
mandibular block injections than 2% lidocaine with 1:100,000 epinephrine
(Garisto et al., 2010; Haas and Lennon, 1995). An additional study reported that
articaine was shown to contribute to more than a 20-fold increase in reported
paresthesia compared with all other local anesthetics combined (Hillerup and
Jensen, 2006). Nonsurgical cases of paresthesia in dentistry are almost
exclusively related to inferior alveolar nerve block injection and appear to affect
the lingual nerve more frequently than the inferior alveolar nerve. 4,9 Available
data indicate that 85%–94% of such cases resolve spontaneously within 8
weeks; however, about two-thirds of those who do not recover quickly may never
fully recover (Pogrel, 2007).
This study asked whether articaine was more neurotoxic than lidocaine at
levels used clinically, and whether the channel block was more sustained with
articaine than lidocaine. In contrast to our predictions, we found lidocaine both
more toxic and with a greater residual block to cellular responsiveness.
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Methods:
Drugs: Clinically relevant formulations of lidocaine (2% Xylocaine, Dentsply
Pharmaceutical) and articaine (4% Septocaine, Septadont) were used (both with
1:100,000 epinephrine). Drugs were delivered from the cartridges at full strength
or diluted 1:3 and 1:9. with DMEM/Ham F12 medium (1:1). According to the
accompanying literature, each mL of the solution in the Xylocaine cartridge
contained lidocaine hydrochloride (20mg), epinephrine bitartrate (as base,
0.01mg), NaCl (6.5mg), potassium metabisulfite (1.2mg), Edetate Disodium
(EDTA) (0.25mg). Each mL of the solution in the Septocaine cartridge contained
articaine hydrochloride (40mg), epinephrine tartrate (0.018mg) corresponding in
epinephrine base to (0.01mg), NaCl (1.6mg), sodium metabisulfite (0.5mg).
Additional experiments were performed with pure powdered lidocaine (RBI, #L102) and articaine (obtained from Septodont Inc.) to test for the effects of these
additional constituents, particularly EDTA. Drugs were dissolved in DMEM/Ham
F12 medium and concentrations were chosen so that the maximum levels were
approximately the same for drugs in powder and cartridge formulations.
Cell culture: The SH-SY5Y neuroblastoma cell line was used to examine the
effects of the two drugs on cell survival. Cells were maintained in DMEM/Ham
F12 medium (1:1), 10% fetal bovine serum (FBS), 1% penicillin /streptomycin
and 1% amphotericin B (Fungizone®). In some experiments, wells were coated
with poly-L-lysine (Peptides International, UKK-0356). Cells were grown for a
minimum of 5 days. Initial experiments were performed on differentiated SH122

SY5Y cells induced by reducing FBS to 1%, adding 10 µM retinoic acid 1 and 3
days after plating, and then brain-derived neurotrophic factor (25ng/ml) in a
serum-free medium 4-5 days later. While this led to a more neural phenotype and
increased expression of sodium channels described below, the reduced cell
attachment complicated their use in assays. Although the use of ratiometric
assays enabled measurement of viability and calcium levels independent of cell
number, experiments reported here were performed on undifferentiated cells to
maximize accurate evaluation.
PCR: Confluent plates of SH-SY5Y cells were homogenized in 1 ml TRIzol
(Invitrogen Corp.) and total RNA was purified using RNeasy mini kit (Qiagen, Inc.
#79254, Gaithersburg, MD). cDNA was synthesized from 500ng of total RNA per
reaction using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems #4368814). qPCR was performed using SYBR Green and the 7300
RealTimePCR system (Invitrogen Corp.) as described (Guha et al., 2013).
Primers

used

were

Na(v)1.2:

TCTCTGTCTTGTTATAGGCACTG,

F:
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TGATGGTGATGTGTTTGTG,
base

pairs;

R:

Na(v)1.7:

F:AGACCTCTCTTTCCATGTAGATTAC, R: TGTAACTGCCTTTCTGTATTGTTG,
129 base pairs. Primers were designed from published sequences (Vetter et al.,
2012).
LiveDead Assay: The Live/Dead Assay (ThermoFisher #L3224) was used to
determine cell viability. Cells grown in 96-well plates were washed and incubated
with 10µl ethidium homodimer-1 (EthD-1) and 5 µl calcein–AM in 5 ml medium
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for 30 min at 25 °C. A positive control was applied by adding 70% methanol for 5
min. After washing, cells were imaged with a microplate fluorometer (Fluoroskan
Ascent; Labsystems, Franklin, MA). Calcein (Live) was excited at 488 nm and
emitted at 560 nm to indicate healthy cells with functioning esterases to cleave
the AM bond and render the dye fluorescent. EthD-1 was excited at 544nm (em
590nm) to quantify cells with compromised plasma membranes. The ratio of light
excited at 488nm to 544nm provides an index of cell viability independent of cell
number. For images, cells were exposed to full strength lidocaine or articaine for
5 min, washed with medium, then to 3µl of 1 mM Calcein AM (ThermoFisher
Scientific #C31100MP) mixed with 2µl ethidium homodimer (ThermoFisher
Scientific #L7013) for 20 min at room temperature before washing then imaged
on a Nikon Eclipse E600 (Nikon USA, Melville, NY) at ex460-500 Chroma filter
for live cells and ex530-550 Chroma filter for dead cells. Images were captured
with a Nikon DS-Fi1 camera and processed with ImageJ software (Schindelin et
al., 2015), with parallel modifications performed to all images.
Cytoplasmic Ca2+ measurement: Neuronal activity was determined by examining
the influx of Ca2+ upon depolarization. The Goldman/Hodgkin/Katz equation
predicts a shift in membrane potential from -71 mV to -20 mV when cells are
exposed to the high-K solution; this is raised above the threshold for activation of
the voltage-dependent Na+ channels, and thus an action potential is expected.
This is predicted to induce an influx of Ca2+ through voltage-dependent channels,
which was measured with the dye Fura-2. Calcium levels were measured from
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SH-SY5Y cells grown in 96-well plates the dye Fura-2 as described (Reigada et
al., 2005) Basically, Fura-2 AM (ThermoFisher Scientific, #F1201) was loaded by
incubating wells for 30 min with 5 μM Fura-2 AM and 0.02% pluronic acid. After
washing, 90 μl of isotonic control solution contain 5 mM KCl and 120 mM NaCl
was added and the ratio of light excited at 340/380 nm emitted >510 nm was
determined in the microplate fluorometer. A baseline reading was obtained for 5
min, after which a high K+ solution was injected through the fluorimeter to give a
final concentration of 50 mM KCl and 75 mM NaCl.
Statistical analysis: Data are reported as mean ± SEM. Analysis was performed
in a masked fashion whenever possible. Statistical analysis on the Live/Dead
assay was performed using a Kruskal-Wallis one-way analysis on ranks with
Dunn’s post-hoc test versus control. Analysis of the calcium response was
performed using a Student’s t-test. Both sets of analysis were performed using
Systat Software Inc. (San Jose, CA). Results with p<0.05 were considered
significant.
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Results:
The SH-SY5Y cells used in this study expressed the voltage-dependent
sodium channels Na(v)1.2 and Na(v)1.7, predicted to be targeted by the drugs
(Figure 5.1.A). To determine whether lidocaine or articaine were neurotoxic, SHSY5Y cells were exposed to drugs for 5 min. Each drug was obtained directly
from the cartridge used to treat patients and employed at full strength or diluted
in cell medium 1:3 or 1:9. After washing, cells were exposed to the Live/Dead
assay for 30 min, and the relative levels of green and red fluorescence were
quantified (Figure 5.1.B). Neither articaine nor lidocaine had a significant effect
on cell viability at any concentration when obtained from the cartridge (Figure
5.1.C), although 2% lidocaine increased the ratio of dead to live cells
substantially.
As cells displayed some signs of detachment in preliminary trials, several
steps were taken to minimize this effect. The use of ratiometric assays meant
that

cell

survival

measures

were

independent

of

cell

numbers,

and

undifferentiated cells survived manipulations more robustly, with poly-L-lysine
coating the substrate increasing this further. Of note was the presence of 0.7 mM
of calcium/magnesium chelator EDTA. While this level of EDTA was less than
that used experimentally to detach cells (1-10 mM) there was some concern that
the presence of EDTA in the lidocaine but not articaine formulations could
influence the outcome. To control for this, the effect of adding 0.7 mM EDTA on
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cell adherence was examined directly; there was no increase in cell detachment
with EDTA, however.
The cell viability experiments were confirmed with pure lidocaine and articaine
from powder to avoid influence from secondary components like EDTA or
epinephrine. Concentrations were chosen so that the highest level of lidocaine
and articaine from powder equaled the full-strength drug from the cartridge.
While there was no effect of purified articaine at any concentration, 74 mM of
purified lidocaine significantly increased the percentage of dead cells to 55%
(Figure 5.1.D).
Delayed neuronal recovery
Given reports of delayed local anesthetic recovery with articaine, experiments
were designed to determine whether treatment with either anesthetic led to a
delayed recovery from nerve block by examining the response to depolarization
30 min after treatment with drugs. Specifically, the Ca 2+ influx to depolarizing
cells with high (50 mM) K+ solution was measured. Raising the level of
extracellular K+ from 5 mM to 50 mM was calculated to raise the membrane
potential from -71 mV to -20mV, above the threshold to activation of the voltagedependent Na(v)1.2 and Na(v)1.7 channels (Catterall et al., 2005). Cellular Ca2+
was used as a proxy for membrane potential as the ratiometric output of Ca 2+sensor Fura-2 was very sensitive and provided reading independent of cell
number.
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Baseline levels of cytoplasmic Ca2+ were not affected by exposure to 2%
lidocaine or 4% articaine 30 min previously (Figure 5.2.A). However, cells treated
with lidocaine displayed a significantly reduced responsiveness to depolarization
as compared with controls (Figure 5.2.B), while the effect of articaine was not
significant.
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Discussion:
In the current study, the use of the ratiometric Live/Dead assay to determine
cell viability suggests that articaine was no more likely to kill cultured neuronal
SY-SY5Y cells than lidocaine. However, solutions made with pure lidocaine from
powder lead to a small but significant increase in neuronal death. In addition,
results obtained with the ratiometric Ca2+ indicator Fura-2 imply that articaine
does not produce a more sustained blockage of neural response in vitro than
lidocaine. Lidocaine treatment led to a reduced cell responsiveness 30 min after
drugs were washed off. While these findings are the opposite of what was
predicted based upon the proposed enhancement of paresthesia by articaine in
the clinical setting,(Haas and Lennon, 1995) data from the two different assays in
the present study support the conclusion that articaine does not directly lead to
neuronal damage in vitro. The findings agree with a report suggesting lidocaine
had a lower LD50 than articaine (Malet et al., 2015). This published data was
based on the production of glycolytic production of NADPH, and is thus a
simplistic measure of total metabolic activity. The combined use of the Live/Dead
and Fura-2 assays in the present study provide a more accurate measure of cell
stress that is independent of the number of cells.
While the use of drugs directly from the injection cartridges provides relevance
to the clinical condition, we felt it was important to verify the results using the
purified forms of the drugs. This was particularly true of the lidocaine, as
inclusion of EDTA may have interacted with cells and complicated interpretation.
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While there was a trend towards decreased cell viability in experiments where
lidocaine from the cartridge was used at full strength, cell death was only
significant with the powder form. Given that lidocaine is considered a very safe
drug clinically, it is likely that this level of significance in the powder form of the
drug does not translate to the clinic.
While both lidocaine and articaine are thought to produce a reversible block of
the voltage-dependent Na+ channels associated with the transmission of dental
pain, several reports link articaine with sustained paresthesia (Haas and Lennon,
1995;

Pedlar,

2003).

However,

the

current

study

found

that

neural

responsiveness was reduced in SH-SY5Y cells 30 min after cells were exposed
to lidocaine, but not articaine. Of course, the measure of cellular responsiveness
used here, based on Ca2+ rise, provided an indirect measure of Na+ channel
activity, and may reflect effects of lidocaine downstream from the Na + channel.
The similar baseline levels in cells pretreated with lidocaine, articaine and control
solution suggests there is not an overall change in Ca2+ regulation in the cells. As
exposure to high levels of KCl is expected to depolarize the cells similarly, the
reduced rise in intracellular Ca2+ is predicted to reflect a difference in the
activation of the voltage-dependent Na+ channels needed to depolarize the cells
into the range of Ca2+ channel activation. While precise site of action cannot be
determined without direct inspection of the ionic currents, the parallel findings
with the two assays imply articaine is not impacting the cells.
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Although the results of the current study suggest articaine is no more
disruptive than lidocaine to neural cells, there are several other mechanisms that
could underlie differential rates of paresthesia reported in the literature. For
example, the low overall occurrence suggests that genetic polymorphisms in the
ionic channels may contribute, as polymorphisms in Na(v)1.7 result in a range of
pain phenotypes (Drenth and Waxman, 2007). A cell culture model such as the
one employed in these experiments does not account for rare genetic differences
in sodium channel sensitivity to potential neurotoxic agents. The actual
magnitude of the problem with articaine is also somewhat unclear, because
unfortunately clinicians typically only file FDA Medwatch reports when there is a
fear of litigation. In addition to genetic polymorphisms, local anesthetic
neurotoxicity may also be concentration related. As neither articaine in the pure
form, nor articaine from the clinical cartridge led to issues in the present study, it
is unlikely that additives increase neurotoxicity.
In summary, articaine did not produce a prolonged block of neuronal
responsiveness, or an increased toxicity, as compared to lidocaine in SH-SY5Y
cells. The use of ratiometric assays to determine viability and Ca2+ levels
strengthen the conclusions. It should be stressed that numerous studies have
found lidocaine to be remarkably safe in a clinical setting (Moore and Hersh,
2010). The findings of the present refer specifically to SH-SY5Y cells in an in
vitro setting and should not be taken to imply there is any additional concern with
the use of lidocaine in patients. The corollary that articaine does not produce a
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prolonged loss of responsiveness or cell death as compared to lidocaine under
these reductionist conditions, is perhaps the most relevant conclusion.
Portions of this work were previously presented in abstract form. 19
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Figures

Figure 5.1 Effects of lidocaine and articaine on viability of SH-SY5Y cells
A. Expression of Na(V) in SH-SY5Y cells. PCR gel showing cells expressed
mRNA for both Na(V)1.2 and Na(V)1.7. Gels show bands of expected size
from three cell preparations. “-1.2” and “-1.7” indicate lanes where reverse
transcriptase was omitted from the mix for Na(V)1.2 and Na(V)1.7,
respectively. Bars are 100 base pairs.
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B. Example of images of SH-SY5Y cells loaded with the Live/Dead assay in
response to various conditions; Cells treated for 5 min with 4% articaine,
or 2% lidocaine (both from the cartridge), washed, then loaded with the
Live/Dead dye. Positive control of cells treated with 70% ethanol are
shown on the top left, while untreated cells are shown on the right. Green
– calcein indicating healthy cells, Red - ethidium homodimer indicating
compromised cells. Bar = 100 µM.
C. Quantification of Live/Dead levels from SH-SY5Y cells treated with
lidocaine + 1:100000 epinephrine or articaine + 1:100000 epinephrine
from the cartridges used clinically. The reduced viability observed using
lidocaine at full strength was not significant (Kruskal-Wallis one-way
analysis on ranks with Dunn’s post-hoc test). Articaine did not lead to cell
death at any strength. Numbers along the abscissa axis indicate the % of
drug, with 2% lidocaine and 4% articaine the full strength from the
cartridge. Numbers along the ordinate represent the ratio of light excited at
488 nm vs 544 nm, normalized to the mean control for each set. * p<0.001
methanol vs. saline; n=10.
D. Quantification of the Live/Dead levels from SH-SY5Y cells treated with
pure Lidocaine or Articaine. Lidocaine increased the number of dead cells
when used in pure powdered form at the highest concentration, while pure
articaine did not alter cell survival. Numbers along the abscissa indicate
the concentration in mM, with the highest levels of both drugs equal to the
maximum level with the cartridge. Numbers along the ordinate represent
the Live/Dead ratio normalized as in C. * p<0.001 (methanol and 74 mM
lidocaine), n=18.
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Figure

5.2

Neuronal

responsiveness

impaired by previous lidocaine treatment.
A. Typical baseline cytoplasmic Ca2+
levels in SH-SY5Y cells.

B. Mean levels of Ca2+ under baseline
conditions (B, 5 mM K+) and after
exposure to 50 mM K+ (HK) in cells
exposed to 2% lidocaine, 4% articaine or
control
solution
30
min
before
measurements were made. Baseline
Ca2+ levels show no significant difference
between the three treatment groups.
While depolarization with the high K+
solution significantly raised cellular Ca2+
levels in the control cells (* p=0.004) and
those previously exposed to articaine
(**p=0.031), the response in cells
previously exposed to 2% lidocaine was
not significant, Student’s t-test, n=15.
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Abstract
Mechanical strain in neural tissues can lead to the upregulation and release of multiple cytokines including interleukin 6 (IL-6). In the retina, the mechanosensitive release of
ATP can autostimulate P2X7 receptors on both retinal
ganglion cell neurons and optic nerve head astrocytes. Here,
we asked whether the purinergic signaling contributed to the
IL-6 response to increased intraocular pressure (IOP) in vivo,
and stretch or swelling in vitro. Rat and mouse eyes were
exposed to non-ischemic elevations in IOP to 50–60 mmHg
for 4 h. A PCR array was used to screen cytokine changes,
with quantitative (q)PCR used to conﬁrm mRNA elevations
and immunoblots used for protein levels. P2X7 antagonist
Brilliant Blue G (BBG) and agonist (4-benzoyl-benzoyl)-ATP
(BzATP) were injected intravitreally. ELISA was used to
quantify IL-6 release from optic nerve head astrocytes or
retinal ganglion cells. Receptor identity was conﬁrmed pharmacologically and in P2X7!/! mice, acute elevation of IOP
altered retinal expression of multiple cytokine genes. Elevation of IL-6 was greatest, with expression of IL1rn, IL24, Tnf,

Csf1, and Lif also increased more than twofold, while
expression of Tnfsf11, Gdf9, and Tnfsf4 were reduced.
qPCR conﬁrmed the rise in IL-6 and extracellular ATP marker
ENTPD1, but not pro-apoptotic genes. Intravitreal injection of
P2X7 receptor antagonist BBG prevented the pressuredependent rise in IL-6 mRNA and protein in the rat retina,
while injection of P2X7 receptor agonist BzATP was sufﬁcient
to elevate IL-6 expression. IOP elevation increased IL-6 in
wild-type but not P2X7R knockout mice. Application of
mechanical strain to isolated optic nerve head astrocytes
increased IL-6 levels. This response was mimicked by agonist
BzATP, but blocked by antagonists BBG and A839977.
Stretch or BzATP led to IL-6 release from both astrocytes
and isolated retinal ganglion cells. The mechanosensitive upregulation and release of cytokine IL-6 from the retina involves
the P2X7 receptor, with both astrocytes and neurons contributing to the response.
Keywords: astrocytes, cytokines, IOP, mechanical strain,
P2X7, retina.
J. Neurochem. (2017) 141, 436–448.
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Mechanical strain to neurological tissues frequently leads to
both inﬂammatory and protective responses (Corps et al.
2015). The cytokine interleukin 6 (IL-6) is of particular
relevance as it can mediate pathological or protective actions
in neural systems depending on context (Erta et al. 2012).
IL-6 can lead to neuroinﬂammation after traumatic brain
injury (TBI) and cerebrospinal ﬂuid levels of IL-6 correlate
with pathological progression after TBI (Yang et al. 2013;
Kumar et al. 2015). However, IL-6 can also induce neurogenesis and protect neural cells after damage (Penkowa et al.
2003; Erta et al. 2012). A better understanding of the
pathways linking mechanical strain to IL-6 may help
determine the mechanism for the shift of IL-6 from
detrimental to protective actions.
The purinergic system has been implicated in regulation
of IL-6 in several cell types including ﬁbroblasts (Inoue
et al. 2007), skeletal muscle cells (Bustamante et al. 2014),
macrophages (Hanley et al. 2004), and microglia (Shieh
et al. 2014). Purinergic signaling is particularly sensitive to
mechanical strain, with ATP release accompanying
increases in shear stress, stretch, and swelling (Praetorius
and Leipziger 2009; Corriden and Insel 2010). In neural
tissue, ATP can be released through pannexin hemichannels
in response to mechanical strain (Iglesias et al. 2009; Xia
et al. 2012). The release of ATP and stimulation of the
P2X7 receptor is closely linked with inﬂammatory
responses in non-neural cell types (Gombault et al. 2012),
leading to inﬂammasome activation and IL-1b release
(Ferrari et al. 2006; Franceschini et al. 2015). Of particular
relevance is the priming and release of IL-6 in microglial
cells in response to stimulation of the P2X7 receptor (Shieh
et al. 2014).
The retina provides an ideal model with which to examine
the relationship between strain, purines, and IL-6 in neural
tissue. Mechanical strain is experienced by neurons and glial
cells in the retina when the intraocular pressure (IOP) rises
during glaucoma (Sigal and Ethier 2009; Downs 2015).
Retinal ganglion cells are the most susceptible to neuropathological changes and death in response to elevated
IOP, while the focal point for mechanical strain is the optic
nerve head, with optic nerve head astrocytes identiﬁed as a
critical intermediary (Hernandez 2000; Downs et al. 2008).
Perturbed purinergic signaling is implicated in response to
glaucoma and elevated IOP. For example, human patients
with both acute and chronic glaucoma have elevated levels
of extracellular ATP in ocular ﬂuids (Zhang et al. 2007; Li
et al. 2011). Primate, rat and mouse models of sustained
IOP elevation show elevated extracellular ATP (Lu et al.
2015). These models also demonstrated increased expression
of the ectoATPase ectonucleoside triphosphate diphosphohydrolase-1 (NTPDase1), previously identiﬁed to act as a
marker for sustained elevation of extracellular ATP (Lu
et al. 2007). The pressure-dependent ATP release from
retina is inhibited by blockers of pannexin hemichannels and
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not linked to lactase dehydrogenase, suggesting it is a
physiological response (Reigada et al. 2008). Both optic
nerve head astrocytes (Beckel et al. 2014) and retinal
ganglion cells (Xia et al. 2012) release ATP through
pannexin hemichannels when subjected to mechanical strain.
This released ATP can autostimulate the P2X7 receptor in
both cell types.
Alterations in cytokine IL-6 have also been recognized as
an important response to elevated IOP. Levels of IL-6 have
been detected in the aqueous humor of patients with chronic
glaucoma (Chen et al. 1999; Zenkel et al. 2010). In the
hypertonic saline model of chronic IOP elevation, IL-6 was
the most up-regulated gene in the optic nerve head tissue
(Johnson et al. 2011), while IL-6 was also elevated following
transient elevation of IOP (Cepurna et al. 2008). Several
observations suggest IL-6 confers protection to retinal
ganglion cells; exposure of isolated ganglion cells to high
hydrostatic pressure in vitro led to apoptotic death that was
attenuated by addition of recombinant IL-6 (Sappington
et al. 2006), and IL-6 increased both the number and the
length of neurites sprouting from isolated retinal ganglion
cells (Chidlow et al. 2012). While these observations suggest
IL-6 has an important role in the response to increased
pressure, the signaling mechanisms linking the mechanical
strain to the IL-6 response are largely unknown.
Given the link between mechanical strain, ATP release,
and P2X7 receptor autostimulation in the retina, the
connection between the purinergic signaling and IL-6
activation, and evidence implicating IL-6 in glaucoma, this
study was based on the hypothesis that mechanosensitive
stimulation of the P2X7 receptor was involved in the IL-6
response to elevated IOP in the retina. To distinguish
between responses as a result of elevated IOP and those
because of cell death, an in vivo model of acute but nonischemic IOP elevation was employed as studies indicate it is
generally not lethal to retinal neurons (Abbott et al. 2014;
Crowston et al. 2015). Isolated optic nerve head astrocytes
and retinal ganglion cells were also utilized to investigate the
response in more mechanistic detail in vitro.

Methods
Animals
All experimental protocols were approved by the Institutional
Animal Care and Use Committee of the University of Pennsylvania.
The P2X7 knockout (P2X7!/!) mice originally generated from
Pﬁzer (B6.129P2-P2rx7tm1Gab/J), along with age-matched 9month-old C57Bl6J wild-type controls were obtained from Jackson
Laboratories (Bar Harbor, ME USA). Sprague-Dawley and LongEvans rats were obtained from Harlan Laboratories (Fredrick, MD,
USA). Mice and rats of both sexes were utilized.
Model of moderate temporally controlled IOP elevation
Acute elevation of IOP experiments were performed using adult
Sprague-Dawley rats based on the control elevation of IOP
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protocol developed by John Morrison and colleagues (Morrison
et al. 2010, 2014). Adult rats were given a prior dose of 2 mg/kg
meloxicam and then deeply anesthetized with intraperitoneal
injection of ketamine (80 mg/kg) and xylazine (10 mg/kg).
Proparacaine (1%) was added to the ocular surface and one drop
of Tropicamide (1%) was administered into each eye for pupil
dilation. Once anesthesia had taken effect, one eye was cannulated
with a 27 gauge shielded wing needle (Becton-Dickinson, Franklin
Lakes, NJ, USA) inserted into the anterior chamber and connected
to a 20 mL syringe ﬁlled with sterile phosphate-buffered saline.
IOP was increased to 50 mmHg by positioning the syringe at the
appropriate height (68 cm H2O) while the contralateral eye without
cannulation served as a normotensive control. During the initial
development of the model, IOP was calibrated with a TonoLab
tonometer (Colonial Medical Supply, Windham, NH, USA) at the
beginning and end of the elevation of the reservoir. As IOP was
found to be remarkably consistent both throughout the 4 h of
elevation and between animals, it was usually just measured at the
end of the 4 h period during experiments to avoid excessive force
on the needle tip inside the eye. The retina was carefully observed
under an operating microscope to ensure that blood ﬂow through
the retinal vessels was maintained. After 4 h IOP elevation,
pressure was returned to normal, the needle was removed and 0.3–
1% gentamycin ointment or erythromycin (0.5%) was applied to
the cornea. Animals were killed 20 h (i.e., 1 day) or 5 days later
and the retina, including the optic nerve head material, was
dissected.
Experiments were also performed on mice using procedures
similar to those used for rat with parallels to those described by
Crowston and colleagues (Crowston et al. 2015). Mice were given a
prior dose of meloxicam and then anesthetized with 1.5% isoﬂuorane. IOP was increased to 50–60 mmHg for 4 h. Mice were killed
immediately after the pressure was returned to baseline, or 20 h
later. The contralateral eye without cannulation served as a
normotensive control.

PCR array
Expression of mRNA for 84 rat interferons, cytokines, and
interleukins in the retina was determined using the Rat Common
Cytokine RT2 ProﬁlerTM PCR Array (#PARN-021A; SABiosciences
Corp., Frederick, MD, USA). Samples were processed according to
the manufacturer’s protocol. In brief, total RNA was isolated from
the control and pressurized retinas using Trizol and RNeasy mini kit
(Qiagen, Valencia, CA, USA), and RNA was quantiﬁed from optical
density and purity determined (Nanodrop; Thermo Scientiﬁc, Inc.,
Wilmington, DE, USA). Total RNA (1 lg) was reverse transcribed
using genomic DNA elimination and RT2 First Strand kit (#C-03;
SABiosciences Inc.). Comparison of the relative expression of
cytokine genes were performed using the PCR array on an ABI 7300
Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA). Lactate dehydrogenase A, Ribosomal genes L13A, hypoxanthine phosphoribosyltransferase 1, and beta actin (Actb) were used as
housekeeping genes and were all stable in retina from eyes with
control and elevated IOP. Data were analyzed with the SABiosciences Web-Based PCR Array Data Analysis, where p values were
calculated based on a Student’s t-test of the replicate 2!DDCt values
for each gene in the control group and experimental groups.
Quantitative PCR
RNA was processed as above. Quantitative PCR (qPCR) was carried
out using Power SYBR Green master mix with primer pair
sequences shown in Table 1, using the 7300 Real-Time PCR
System. Data were analyzed using the delta-delta CT approach, with
results expressed as fold change in gene expression in eyes
with elevated IOP versus control samples (2!DDCt) using an
unpaired t-test as described recently (Lu et al. 2015).
Intravitreous injection
Intravitreal injections were performed as described (Hu et al. 2010)
under a dissecting microscope with a micropipette connected to a

Table 1 Primers used for quantitative real time PCR
Gene
Name

GenBank
Accession

Forward Primer (5’ to 3’)

Reverse Primer (5’ to 3’)

Size
(bp)

Anxa3
Bax
Cfos
CyclinD1
ATF3
IL-6
P2X4R
P2X5R
P2X7R
P2Y1R
P2Y2R
P2Y4R
P2Y6R
A1AR
A3AR
GAPDH

NM_012823
NM_017059
NM_022197
NM_171992
NM_012912
NM_012589
NM_031594
NM_080780
NM_019256
NM_012800
NM_017255
NM_031680
NM_057124
NM_017155
NM_012896
NM_017008

ATCCGGAAAGCAATCAAAGG
TGCCAGCAAACTGGTGCT
CCTGTGAGCAGTCAGAGAAGG
CCCACGATTTCATCGAACACT
CGAAGACTGGAGCAAAATGATG
CTCCGCAAGAGACTTCCAG
GCAAGACGTTCTTCCACCCTATACA
GACATCCAGGAGACACTTAGCTTCG
TAATGCCTCAGCCTAGTGCCTTTGG
GCAGCTTCCACTGCCAAAGGCTAAT
AGCAGCTCAGTCAGGTGTCAGTTCA
ATAGCTGTCTTGATCCAGTGCTCTA
TAGGTCCTGGAATAGCACTGCAAAT
AGCCTGGATGTCTTCCTTGTATGGA
GAGCTTCTCTCATTCAATTCTGTGG
CCATGGAGAAGGCTGGGG

CCATGACATGCTCAAAGTGG
ACCCAACCACCCTGGTCTT
CGGAAGAGGTGAGGACTGG
GATCATCCGCAAACATGCA
CAGGTTAGCAAAATCCTCAAACAC
GGTCTGTTGTGGGTGGTATC
TCCATACGCTCACACTGTATAAGCC
CAGCAAGAGCTGAACTGCACAAGTC
CTGCTGCTCCAGAGGGCTCAAGTTC
ATTGTAAAGCTTCAAGATCTGGCAG
TCAGGTGGCGTTGCCTTAGATACGA
AGCAGCAGGGTTACAATCGATCTCC
AAAGTCTTGGCAAATGGATGGGAAT
TAGACATAGGGACCTCCTTGAGAAC
CCTAGGGATCCTTCAACGCAGGTTC
CAAAGTTGTCATGGATGACC

174
129
194
77
123
119
137
230
107
172
214
215
171
121
183
195
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microsyringe (Drummond Scientiﬁc Co., Broomall, PA, USA). The
glass pipette ﬁlled with drug was passed through the superior nasal
region of sclera into the vitreous cavity at a point approximately
1 mm from the limbus. The total volume injected was 5 lL over a
30 s time period. P2X7 receptor antagonist Brilliant Blue G (BBG,
0.8%) was dissolved in sterile saline and injected 1–3 days before
IOP elevation. To examine the effects of P2X7 stimulation, LongEvans rats were injected with either 2 lL of 250 lM P2X7 receptor
agonist BzATP or sterile saline. Rats were killed and the retina
dissected, with total RNA isolated from the retina and processed as
described above.
Immunoblots
Immunoblots were processed as described (Guha et al. 2013). In
brief, whole retinas were washed twice with cold phosphatebuffered saline and lysed in radioimmunoprecipitation assay buffer
containing 50 mM Tris-HCl, 150 mM NaCl, protease inhibitor
cocktail (Complete; Roche Diagnostics, Mannheim, Germany), 1%
Triton X-100, 0.1% sodium dodecyl sulfate, and 10% glycerol.
Samples were sonicated and cleared by centrifugation (10 000 g)
for 10 min at 4°C, with protein concentrations determined using a
bicinchoninic acid Protein Assay (Pierce, Rockford, IL, USA/
ThermoFisher). Protein was separated using conventional sodium
dodecyl sulfate–polyacrylamide gel electrophoresis, and processed
using standard immunoblot protocols (Lu et al. 2015). Blots were
incubated with a monoclonal antibody to rat IL-6 overnight at 4°C
(1 : 1000; R & D Systems, Minneapolis, MN, USA, # MAB5061),
followed by incubation with anti-mouse IgG conjugated to horseradish peroxidase (1 : 5000; Amersham Biosciences Corp., Arlington Heights, IL, USA) at 23!C for 1 h and developed by
chemiluminescence detection (ECL detection system; Amersham
Biosciences Corp.). The ImageQuant LAS 4100 imager and Image
Quant software (Both GE Healthcare Lifesciences, Pittsburgh, PA,
USA) were used to detect and quantify the intensity of the speciﬁc
bands. Western blots were performed 3–4 times each.
Optic nerve head astrocytes
Primary rat optic nerve head astrocyte cultures were grown as
described (Beckel et al. 2014) based upon a protocol modiﬁed from
Mandal et al. (2009). The optic nerve head tissue proximal to the
sclera in rat pups up to post-natal day 5 was digested for 1 h in 0.25%
trypsin. Cells were grown in medium comprised of Dulbecco’s
minimal essential medium/F12, 10% fetal bovine serum, 1%
penicillin/streptomycin, and 25 ng/mL epidermal growth factor and
used up to passage 5. Cell identiﬁcation was performed with glial
ﬁbrillary acidic protein immunostaining as described (Beckel et al.
2014). For stretch experiments, astrocytes were seeded on a silicon
substrate (Silastic; Specialty Manufacturing, Saginaw, MI, USA),
bathed in isotonic solution (in mM; 105 NaCl, 5 KCl, 4 NaHEPES, 6
HEPES acid, 1.3 CaCl2, 5 glucose, 5 NaHCO3, 60 mannitol, and 0.25
MgCl2 pH 7.4). Cells were subjected to a 5% equibiaxial strain at
0.3 Hz for 2 min using a specially designed pneumatic piston as
described (Winston et al. 1989; Beckel et al. 2014). Cells were
exposed to 30% hypotonic solution (isotonic solution diluted with
dH2O) for swelling experiments with BBG (Sigma, St Louis, MO,
USA), A839977 (Tocris/BioTechne) or (4-benzoyl-benzoyl)-ATP
(BzATP) (Sigma Corp.) for 4 h at 37°C before RNA was extracted as
detailed above. Samples of the extracellular media were taken before
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and after stretch or BzATP and stored at !80°C. The release of IL-6
from astrocytes was then measured by Rat IL-6 Quantikine@ ELISA
kit (#R6000B; R & D Systems) following manufacturer’s instructions,
with data acquired using a 96-well plate reader SpectraMax M5
(Molecular Devices, Palo Alto, CA, USA).
IL-6 release from isolated retinal ganglion cells
Isolation of retinal ganglion cells was performed using the
immunopanning procedure as described (Zhang et al. 2010; Xia
et al. 2012). Isolated retinal ganglion cells were seeded onto 0.1%
poly-L-lysine (Peptides International, Louisville, Kentucky, USA)
and 1 lg/mL laminin coated coverslips or elastic silicone sheeting
in stretch chambers and cultured at 37°C with 5% CO2. Attached
cells were bathed in 750 lL of isotonic solution including 100 lM
of the ectoATPase inhibitor bc methylene ATP, and stretched by
application of 20 mmHg of pressure resulting in a 4.1% deformation
strain (see Xia et al. 2012 for detail). Pressure inside the stretch
chamber was increased to 20 mmHg for 4 min, returned to 0 mmHg
for 1 min and the cycle repeated three times for a total duration of
15 min. Immediately following stretch, a 250 lL sample of the
extracellular solution was collected from the center of the stretch
chamber. Stretch did not induce release of lactose dehydrogenase.
IL-6 levels were determined with the rat antibody cytokine array
following manufacturer’s instructions (R & D Systems), as
described in detail in a recent publication (Lim et al. 2016). In
brief, IL-6 levels were quantiﬁed by incubating the membrane in
Streptavidin-horseradish peroxidase followed by chemiluminescent
detection reagents (GE Healthcare). The production of light
corresponding to levels of bound cytokine was determined with
ImageQuant LAS4000 and the intensity of each spot was measured
using ImageQuant TL analysis software (all GE Healthcare). Results
represent four independent trials of stretch or BzATP experiments,
each performed in duplicate.
Data analysis and study design
Data are reported as mean " standard error of the mean. Statistical
analysis used a one-way ANOVA with appropriate post hoc test, or a
paired Student’s t-test when comparing eyes from the same animal.
Results with p < 0.05 were considered signiﬁcant. When data were
not distributed normally, analysis on ranks was performed. All
statistical analysis was performed using SigmaStat software (Systat
Software Inc., San Jose, CA, USA). The number of experimental
repeats was determined in part by sample size calculations and
power analysis. Data within two standard deviations of the mean
were included unless accompanied by signs of animal distress or
unexpected deviation. Analysis was performed in a masked fashion
where appropriate.

Results
Pressure-dependent elevation in message for IL-6
Initial experiments to screen for cytokine pathways activated in vivo by transient elevations in IOP were
determined using a cytokine PCR Array. IOP in one eye
of a rat was raised to 50 mmHg for 4 h. Although this is
considerably above the baseline IOP levels of 12.8 mmHg
in the conscious Sprague–Dawley rat (Cabrera et al. 1999),
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this increase did not prevent blood ﬂow through the retinal
vessels. Similar transient rises in IOP have been found to
induce minimal permanent damage (Zhi et al. 2012; Abbott
et al. 2014; Crowston et al. 2015). qPCR analysis indicated no rise in pro-apoptotic genes, although expression of
the early stress-response ATF3 was increased, consistent
with ﬁndings in the hypertonic saline model (Guo et al.
2011) (Figure S1).
To obtain an objective measure of the cytokine response to
transient pressure elevation, retinal gene levels were examined 20 h after IOP returned to baseline using a cytokine
PCR array. Analysis showed nine genes with a > 2-fold
change in expression levels between the pressurized and
control rat retina (Fig. 1a and b). IL-6 showed the greatest
rise, with a 29-fold increase. IL1rn, IL24, Tnf, Csf1, and Lif
were also elevated more than twofold. Three genes, Tnfsf11,
Gdf9, and Tnfsf4, were down-regulated more than twofold.
Given that IL-6 was the gene altered most using the
cytokine gene array, results were conﬁrmed using traditional
qPCR. IL-6 was elevated 16.9-fold in eyes with increased
IOP as compared with contralateral eyes (Fig. 1c). This
substantial increase measured using qPCR strongly supported the result from the PCR array suggesting that
expression of IL-6 was increased in retinas exposed to
transient elevations in IOP.
Purines and IL-6 expression in vivo
As purinergic signaling has been repeatedly implicated in
retinal cells exposed to elevated IOP (Reigada et al. 2008;
Sanderson et al. 2014), expression of gene ENTPD1 was
examined. ENTPD1 codes for the ectoATDPase NTPDase1,
which was previously identiﬁed as a possible marker for
sustained rises in extracellular ATP (Lu et al. 2007).
Increased levels of the gene ENTPD1 and protein for
NTPDase1 were triggered by sustained exposure to ATP.
Levels of NTPDase1 protein were elevated in parallel to
extracellular ATP concentrations in rat, mouse, and primate

models of chronic IOP elevation (Lu et al. 2015). In material
from rat retinas obtained both 1 and 5 days after transient
IOP elevation, ENTPD1 was up-regulated (Fig. 2a), suggesting levels of extracellular ATP were elevated after
moderate IOP elevation.
A considerable body of past work implicates autostimulation of the P2X7 receptor following the mechanosensitive release of ATP in the retina (Zhang et al. 2006;
Reigada et al. 2008; Xia et al. 2012; Beckel et al. 2014),
and recent work demonstrates P2X7 receptor stimulation
leads to IL-3 responses in isolated retinal ganglion cells
(Lim et al. 2016). As stimulation of P2X7 receptors by
ATP has been associated with the up-regulation of IL-6 in
microglia cells (Shieh et al. 2014), the role of the P2X7
receptor in mediating the pressure-dependent rise in IL-6
was examined.
Initial involvement of the P2X7 receptor was determined
using antagonist BBG. While BBG can act at other P2X
receptors (Bo et al. 2003), it is well tolerated in the eye
(Totan et al. 2014). In addition, the blue color of the
compound enabled the retinal distribution of the antagonist to
be more accurately determined (Fig. 2b); material from the
targeted retina was preferentially analyzed. The pressuredependent increase in IL-6 mRNA was blocked by intravitreal injection of 0.8% BBG 1–3 days before the IOP rise
(Fig. 2c). Levels were compared to the rise seen in
pressurized eyes injected with only saline, to control for
any injection artifact. Immunoblots conﬁrmed that IL-6
protein was also increased in the retina following a rise in
pressure (Fig. 2d). Changes in protein level paralleled those
of mRNA, with IOP rise leading to an increase in IL-6
protein that was prevented by BBG (Fig. 2e).
To determine whether stimulation of the P2X7 receptor
was sufﬁcient to trigger up-regulation of IL-6, agonist
BzATP was injected intravitreally (2 lL, 250 lM) with
sterile saline injected into the contralateral eye and levels of
IL-6 mRNA present in the retina 24 h later were determined.

Fig. 1 Changes in expression of cytokine genes 24 h after moderate
intraocular pressure (IOP) elevation. Changes in cytokine gene
expression 24 h after IOP was elevated to 50 mm Hg for 4 h (20 h
after pressure returned to baseline). (a) Heat map of fold changes in
gene expression in pressurized eye compared to control. Red
indicates up-regulation, while green symbolizes down-regulation

(b) Layout of 84 genes shown in heat map and fold changes relative
to the control retina. Numbers are mean change in pressurized eye
compared to control in two pairs. Genes were evaluated based on the
criteria of at least a twofold up- or down-regulation compared to control.
(c) Increased expression of IL-6 in pressurized retinas conﬁrmed using
qPCR. N = 9, *p < 0.001.
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Fig. 2 Involvement of ATP and P2X7 receptor in IL-6 elevation in vivo.
(a) Expression of ectoATPase gene ENTPD1 was elevated 1 day after
increase in intraocular pressure (IOP) to 50 mmHg for 4 h (Pressure,
*p = 0.033, N = 10). ENTPD1 remained elevated 5 days after the
procedure (*p = 0.004, N = 8). (b) The distribution of P2X7 antagonist
Brilliant Blue G (BBG) in the retina 1 day after intravitreal injection. The
staining pattern suggests distribution of BBG through the vitreal cavity
to the retina was restricted. A similar staining pattern remained in
retinas examined 6 days after injection. (c) The pressure-dependent
rise in IL-6 mRNA was substantially decreased following injection of
BBG. Data are expressed as relative gene expression in the pressurized versus non-pressurized retina for eyes injected with 0.8% BBG or
saline 1–3 days before the moderate elevation of IOP to 50 mmHg for
4 h. N = 6–9. *p < 0.004 saline pressurized versus non-pressurized;
*p < 0.013 saline pressurized versus BBG pressurized. (d)

Representative immunoblots from whole retina lysates probed for IL6 (22 kDa) and housekeeping protein GAPDH (GAP, 37 kDa).
Expression of IL-6 is greater in the eye subject to the moderate IOP
increase (Pr) treated with saline as compared to the contralateral nonpressurized control eye, but this pressure-dependent increase is
reduced after injection with BBG. (e) Summary of relative protein
expression from experiments illustrated in C quantiﬁed with densitometry; N = 4–5. *p < 0.001 saline pressurized versus non-pressurized; *p < 0.035 saline pressurized versus BBG pressurized. (f)
P2X7R agonist BzATP was sufﬁcient to increase levels of IL-6 mRNA
in the retina 1 day after intravitreally injection (250 lM, 2 lL per eye),
N = 5, *p = 0.021. (g) In wild-type C57Bl6J mice, transient elevation of
IOP to 60 mmHg for 4 h (Pressure) raised retina levels of IL-6 mRNA.
N = 7, *p < 0.001. (h) In P2X7 knockout mice, the same elevation in
IOP did not signiﬁcantly increase levels of IL-6. N = 6.

Retinal IL-6 expression was increased fourfold by the P2X7
receptor agonist BzATP in the absence of any changes in
IOP (Fig. 2f).
Involvement of purines in the response to elevated IOP
was further probed by examining expression of certain
receptors. Receptor genes P2RX7 and ADORA3, coding for
the adenosine A3 receptor, were elevated in many retinas

examined after 1 day, but considerable variation meant the
rises were not signiﬁcant (Figure S2). Genes P2RX4 and
P2RY6 for purinergic receptors were increased 1 day, but not
5 days after IOP elevation. While the precise contribution of
these receptors remains to be determined, their increased
expression is consistent for mechanosensitive purinergic
signaling.
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Pressure-dependent up-regulation of IL-6 absent in P2X7
knockout mice
Further conﬁrmation of the role of the P2X7 receptor in the
pressure-dependent rise in IL-6 was provided with P2X7
knockout mice. Elevating the IOP of wild-type C57Bl6J
mouse eyes to 60 mmHg for 4 h led to a rise in IL-6 levels
analogous to that observed in the rat eye (Fig. 2g). In mice
missing the P2X7 gene, however, this rise in IOP did not
signiﬁcantly change IL-6 levels (Fig. 2h). This supported the
pharmacological identiﬁcation, while also demonstrating the
response occurred in multiple species.
IL-6 up-regulation and release from optic nerve head
astrocytes
In vitro experiments from isolated cells were pursued to
enable identiﬁcation of speciﬁc cell types and better control
of pharmacological manipulation. Optic nerve head astrocytes undergo multiple changes in response to the mechanical strain in glaucoma (Hernandez 2000). As we have
previously found that stretch of these astrocytes leads to the
release of ATP through pannexin hemichannels and subsequent autostimulation of P2X7 receptors (Beckel et al.
2014), the mechanosensitive response of IL-6 in these
astrocytes and the contribution of the P2X7 receptor was
examined.
Isolated rat optic nerve head astrocytes expressed glial
ﬁbrillary acidic protein, conﬁrming the identity of the
cultured cells (Fig. 3a). Astrocytes were plated on a silicone
substrate and subjected to a 5% equilateral strain at 0.3 Hz
for 4 h, followed by a 20 h break before RNA was extracted
to increase parallels to in vivo experiments. Levels of IL-6
mRNA were increased twofold in stretched astrocytes as
compared to controls (Fig. 3b). Unstretched astrocytes
exposed to 50 lM BzATP for 4 h also demonstrated a
twofold rise in IL-6, suggesting the P2X7 receptor was
sufﬁcient to trigger the rise in IL-6 mRNA expression
(Fig. 3c) as found in vivo. An analogous rise in IL-6 was
produced by swelling astrocytes with a 30% hypotonic
solution for 4 h (Fig. 3d); this rise in IL-6 mRNA was
prevented by P2X7 receptor antagonists BBG and A839977
(Fig. 3d).
To conﬁrm the contribution of the P2X7 receptor, the rise
in IL-6 expression in optic nerve head astrocytes isolated
from C57Bl6J mice and P2X7 knockout mice was compared.
Swelling cells from wild-type mice induced a signiﬁcant
increase in IL-6 expression (Fig. 3e). In contrast, astrocytes
isolated from P2X7!/! mice showed a drop in the IL-6
expression with swelling.
IL-6 released from optic nerve head astrocytes
While the ability of P2X7 receptors to trigger the upregulation of IL-6 mRNA in vivo and in vitro implied an
increased involvement of the cytokine, the ability of the
receptor to trigger release of IL-6 was also tested.

Measurement of IL-6 levels in the bath surrounding the
astrocytes using an ELISA assay demonstrated that the
cytokine was released into the bath after stretch (Fig. 3f).
Exposure of astrocytes to agonist BzATP also led to a
substantial release of IL-6 (Fig. 3g). Cytokine release in
many cell types is mediated by increases in intracellular
calcium; for example, the release of IL-6 from spinal cord
astrocytes is calcium dependent (Codeluppi et al. 2014). To
conﬁrm optic nerve head astrocytes experience a rise in
calcium upon swelling, levels were monitored with indicator Fura-2. The rise in calcium was rapid and reversible
(Fig. 3h). To determine whether this response was dependent upon autostimulation of the P2X7 receptor, the ability
of BBG to antagonize this rise was examined. Pretreatment of astrocytes with blocker BBG eliminated the
rise in calcium, implicating autostimulation of the P2X7
receptor, and consistent with a role for calcium in the
release.
IL-6 released from isolated retinal ganglion cells
Although the above experiments clearly indicate that
mechanical strain and stimulation of the P2X7 receptor can
lead to release of IL-6 from optic nerve head astrocytes,
immunostaining indicated that retinal ganglion cells
expressed high levels of IL-6 (Fig. 4a). The staining pattern
was particulate, consistent with IL-6 stored in vesicles. As
such, the ability of retinal ganglion cells to release IL-6 was
tested. As ganglion cells in situ are intertwined with various
other cell types, a two-step immunopanning procedure was
used to isolate retinal ganglion cells (Fig. 4b); previous
analysis indicates that > 98% of cells obtained in this way
are ganglion cells (Zhang et al. 2006). The puriﬁed cells
were plated on a silicone substrate and, once attached, a 4.1%
deformation strain was applied to stretch the cells for 4 min.
Cells were then returned to baseline for 1 min, with the
stretch cycle repeated two more times. There was a
signiﬁcant increase in extracellular levels of IL-6 released
into the bath after this stretch period (Fig. 4c). Analogous
trials indicate that stimulation of the P2X7 receptor with
BzATP also released IL-6 from isolated retinal ganglion cells
(Fig. 4d). Attempts to process RNA from these isolated
ganglion cells were unsuccessful, precluding examination of
IL-6 expression. However, application of BzATP led to a
rapid increase in intracellular calcium in isolated retinal
ganglion cells (Fig. 4e); the response was rapid, reversible,
and repeatable.

Discussion
The signaling pathways linking mechanical strain to inﬂammation play an important role in the cellular response to
stress. This study implicates the P2X7 receptor for extracellular ATP in the mechanosensitive up-regulation of cytokine
IL-6 in the retina. In vivo data demonstrate IL-6 mRNA was
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Fig. 3 IL-6 response in astrocytes. (a) Cultured rat optic nerve head
astrocytes stained for glial ﬁbrillary acidic protein (green) and DAPI
(blue). Bar = 20 lm. (b) Increased expression of IL-6 mRNA in
stretched astrocytes; cells were subject to a 5% equilateral strain at
0.3 Hz for 4 h, followed by a 20 h break before extraction of RNA.
N = 8–9, *p = 0.011. (c) IL-6 expression was increased in astrocytes
exposed to 50 lM BzATP for 4 h. N = 5, *p = 0.008. (d) Expression of
IL-6 was also increased in cells exposed to moderate swelling induced
by 30% hypotonicity for 4 h. However, this rise in expression was
inhibited by P2X7R antagonists Coomassie Brilliant Blue G (BBG)
(50 lM) or A839977 (A83; 10 lM). Cells were pre-treated with
antagonists in isotonic solution for 1 h before swelling. N = 4
*p < 0.001 Swell versus Control, *p < 0.001 Swell versus swell+BBG,

*p < 0.001 Swell versus swell+A839977. (e) Cell swelling in 30%
hypotonic solution-induced rise in IL-6 mRNA was observed in optic
nerve head astrocytes from C57Bl6J mice (N = 6, *p = 0.006), but
swelling in astrocytes isolated from P2X7!/! mice actually reduced IL6 expression (*p = 0.043, N = 6). (f) The concentration of IL-6 in the
bath surrounding astrocytes was higher after exposing cells to stretch
(*p = 0.036, N = 7). (g) Levels of IL-6 in the bath were also increased
after exposure of astrocytes to 50 lM BzATP for 30 min (*p = 0.011,
N = 6, paired t-test for f and g). (h) Swelling of astrocytes by hypotonic
solution rapidly raised intracellular calcium, as indicated by the ratio of
light excited at 340 nm versus 380 nm in cells loaded with indicator
Fura-2. In the presence of 100 lM BBG, no rise in cell calcium was
observed. Symbols represent mean " SEM, N = 16.

substantially up-regulated after a transient elevation of IOP in
the rat retina, with the P2X7 receptor antagonist BBG
preventing the up-regulation of both IL-6 mRNA and IL-6
protein in retinal tissue. The transient rise in IOP increased
IL-6 expression in the retina of wild-type mice but not in
P2X7 knockout mice, further implicating the P2X7 receptor
and demonstrating the effect was not species dependent. In
isolated optic nerve head astrocytes, IL-6 expression was

increased by stretch, swelling, and directly by the P2X7
agonist BzATP. The swelling induced rise in IL-6 in
astrocytes was prevented by two different P2X7 antagonists.
In addition, both astrocytes and retinal ganglion cell released
IL-6 in response to agonist BzATP or to mild stretch.
Together, these data identify a role for the P2X7 receptor in
the mechanosensitive IL-6 response of neurons and astrocytes in the retina.
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Fig. 4 IL-6 release from isolated retinal ganglion cells. (a) Retinal
section stained for IL-6 indicating expression of the cytokine in the
ganglion cell layer (GCL). IPL: inner plexiform layer, OPL: outer
plexiform layer. Bar = 50 lm. (b) Retinal ganglion cells isolated with the
two-step immunopanning procedure. The comparison of the phase
contrast image (top) with the ﬂuorescence image (ex 360 nM)
indicates that the cells are labeled with Fluorogold (FG) transported
from the superior colliculus, conﬁrming their ganglion cell identity. Cells
used for cytokine measurements were unlabeled and plated at a much
higher density. (c) Application of a 4.1% deformation strain to stretch
isolated RGCs attached to a silicone substrate increased the level of
IL-6 detected in the bath. N = 8, *p = 0.022. (d) Levels of IL-6 in the
bath surrounding isolated RGCs increased in cells exposed to 50 lM
of P2X7R agonist BzATP. N = 8, *p = 0.006 paired t-test for (c) and
(d). (e) Application of 50 lM BzATP for 15 s led to a repeatable and
reversible rise in intracellular calcium in isolated retinal ganglion cells.
Each bar represents the time of BzATP application.

Signaling pathways linking mechanical strain to IL-6
The intracellular signaling pathways linking mechanical
strain to the IL-6 response can be at least partially described

by integrating previous ﬁndings with the results of this study
(see also the Graphical Abstract). Increased pressure in the
whole retina, or mechanical strain to either optic nerve head
astrocytes or retinal ganglion cells leads to ATP release
through pannexin hemi-channels (Reigada et al. 2008; Xia
et al. 2012; Beckel et al. 2014). Release from astrocytes is
partially dependent on Rho kinase, consistent with a
mechanosensor-like TRPV4 as in other ocular cells
(Shahidullah et al. 2012; Jo et al. 2015). In both astrocytes
and retinal ganglion cells, the released ATP autostimulated
P2X7 receptors on the same cell type.
This study clearly implicates the P2X7 receptor in the IL-6
response to mechanical strain. The P2X7 antagonist BBG
prevented the rise in IL-6 expression in vivo, while BBG and
a second antagonist A839977 prevented the rise in astrocytes. In addition, agonist BzATP emulated the effects of
mechanical strain both in vivo and in vitro. Although BzATP
and BBG can act at other P2 receptors (Bo et al. 2003;
Wildman et al. 2003), A839977 is more selective (Honore
et al. 2009). In addition, the reduced IL-6 response in
P2X7!/! mice in vivo, and in optic nerve head astrocytes
isolated from the P2X7!/! mice, implicated the P2X7
receptor in linking the mechanical strain to the IL-6 response.
The retinal response resembles that in cultured microglia,
where the P2X7 receptor triggers IL-6 mRNA up-regulation
and release of the cytokine (Shieh et al. 2014).
While the use of agonists, antagonists, and knockout mice
together imply the P2X7 receptor makes a substantial
contribution to the mechanosensitive IL-6 response, a
contribution from other P2 receptors cannot be ruled out in
this study, and other P2 receptors have been linked to IL-6
(Shigemoto-Mogami et al. 2001; Inoue et al. 2007; Kawano
et al. 2015). A study of the same P2X7!/! mice used here
found that while most of the peritoneal rise in IL-6
accompanying ATP injection was eliminated in the knockout
mice, the residual response may have reﬂected action of
additional receptors, with P2Y receptors suggested as a
possible source (Solle et al. 2001). The increased expression
of the P2Y6 receptor in retinas exposed to transient pressure
elevation in Figure S2 is interesting, but as the agonist for
this receptor is UDP, and ATP itself has little afﬁnity,
activation of this receptor by ATP released after elevated
pressure is likely to be complex (Communi et al. 1996;
Satrawaha et al. 2011). It is also not clear whether the
response is direct or reﬂects a secondary response to IL-1b
release, as IL-1b can lead to up-regulation of IL-6 expression
(Cadman et al. 1994). Experiments are currently underway
to determine whether stimulation of the P2X7 receptor leads
to IL-1b release.
In addition to the up-regulation of IL-6 message and
protein levels, mechanical strain and the P2X7 receptor also
triggered a rapid release of IL-6 from astrocytes and retinal
ganglion cells. The P2X7 receptor is a ligand gated nonselective cation channel, and its stimulation raises
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intracellular calcium in both astrocytes and retinal ganglion
cells (Xia et al. 2012; Beckel et al. 2014). The vesicular
release of IL-6 from spinal cord is calcium dependent
(Codeluppi et al. 2014), and the time course of the IL-6
release above implies the signaling mechanisms are distinct
from those involved in transcriptional up-regulation. While
the increased expression of IL-6 would provide more IL-6 for
release upon later stimulation, this complex positive feedback pathway was not investigated in this study.
Separating mechanical strain from cell death and the P2X7
receptor
The data here indicate that P2X7 receptor was involved in the
increase in IL-6 after a transient non-ischemic elevation in
IOP. We used this model because it was reported to induce
little cell death (Morrison et al. 2010, 2014; Abbott et al.
2014; Crowston et al. 2015). This enabled us to distinguish
between responses resulting from mechanical strain and
those because of cell death; the lack of response in genes
ANAX3, BAX or CCND1, associated with apoptosis or
extreme stress, suggest this distinction was largely achieved.
In a variant of the rat model in which IOP was raised to
50 mmHg for 8 h, there was no substantial retinal ganglion
cell loss or decreases in axon transport (Abbott et al. 2014).
Elevation of mouse IOP to 50 mmHg for 30 min led to a
transient reduction in the photopic negative response
(PhNR), attributed largely to retinal ganglion cell function,
although the number of ganglion cells was not reduced when
examined 7 days later (Chrysostomou and Crowston 2013;
Crowston et al. 2015). Presumably, the maintenance of
retinal blood ﬂow prevents the retinal ganglion cells loss
associated with more ischemic models (Zhi et al. 2012).
Overall this suggests that the robust IL-6 response, and the
stimulation of the P2X7 receptor which precedes it, are
distinct from cell death.
Relevant cell types
Our in vivo experiments identiﬁed elevated IL-6 mRNA and
IL-6 protein using material from the entire retina. The optic
nerve head is the focus of the mechanical forces induced
upon elevation of IOP (Downs 2015), and the in vitro
experiments clearly demonstrate a rise in IL-6 expression in
optic nerve head astrocytes, consistent with previous
ﬁndings of a large rise in optic nerve head IL-6 in response
to IOP elevation (Johnson et al. 2011). However, the optic
nerve head tissue is a minor component of the retina and it
is likely that other cell types contribute to the rise in IL-6
expression found in the whole tissue. While the restricted
levels of cell material in panned retinal ganglion cells
precluded reliable molecular analysis of IL-6 levels in this
study, the cells are also likely to contribute. The increased
expression of IL-6 1 day after IOP elevation using the laser
photocoagulation model co-localized with amyloid precursor
protein, a marker of fast axonal transport, and suggested the
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axonal transport of IL-6 synthesized in retinal ganglion cells
was impeded with increased IOP (Chidlow et al. 2012).
This may relate to a more recent study in which IL-6
increased with age in the proximal optic nerve of DBA
mice, and correlated with the loss of axonal transport
(Wilson et al. 2015). The predicted involvement of microglial cells here is complex; cultured retinal microglia
released IL-6 when subjected to hydrostatic pressure increase (Sappington et al. 2006), while activated microglial
cells were observed in vivo only 1 week after elevation of
IOP but not at earlier time points (Kezic et al. 2013). Future
experiments are needed to understand the role of microglial
cells given their responsiveness to extracellular ATP (Franke
et al. 2007).
Physiological implications
While the results from this study clearly demonstrate a role
for the P2X7 receptor in the up-regulation and release of IL6, the physiological implications will depend upon the cell
types involved, the conditions that lead to the response, and
whether the resulting IL-6 mediates protective or detrimental
effects. IL-6 signaling is complex; although IL-6 is traditionally described as a ‘pro-inﬂammatory’ cytokine, it can be
both protective and pathological in neural tissues (Spooren
et al. 2011). Expression of IL-6 in cortical astrocytes confers
protection from focal injury in neural tissue (Penkowa et al.
2003). In the retina, several groups have identiﬁed protective
actions by IL-6 and suggested it is an early protective
response. The death of retinal ganglion cells following
increased hydrostatic pressure was prevented by IL-6
(Sappington et al. 2006), and IL-6 enhanced neurogenesis
in retinal ganglion cells (Chidlow et al. 2012). If IL-6
represents an early response to protect neurons, then this
study suggests that the mechanosensitive release of ATP
through pannexin hemichannels and autostimulation of P2X7
receptors that lead to the increased IL-6 response may also be
protective, at least in young healthy tissue. This would add to
the increasing recognition of the P2X7 receptor as more than
just a ‘death receptor’ in neural tissues.

Conclusion
In conclusion, this study demonstrates a role for the P2X7
receptor in linking mechanical strain to up-regulation and
release of cytokine IL-6 in the retina. Involvement of the
P2X7 receptor was demonstrated both in vivo and in vitro in
astrocytes and neurons. As IL-6 has many protective effects
in the retina, this study may consequently identify a
beneﬁcial role of the P2X7 receptor in neural tissues. Given
the emerging relationship between cytokines and mechanical
strain in TBI, this study suggests further investigation of the
P2X7 receptor in TBI is warranted.
Portions of this work have appeared in abstract form (Lim
et al. 2011; Lu et al. 2011, 2013).
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Figure S2

Figure S2. Changes in expression of purine genes 1 day and 5 days after CEI
to 50 mm Hg for 4 hours.
A. Levels of purinergic genes P2RX4 (p=0.017) and P2RY6 (p=0.001) were
elevated 1 day after the moderate elevation of IOP
B. Neither remained elevated 5 days after the procedure .
N=9-10 for retinas examined 1 day after IOP elevation and 6-8 for 5 days.
It should ne noted that the response of the P2Y6 receptor may be complicated by the presence of multiple transcription sites.
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